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For over 100 years eclogites have played a vital role in the development of partial melting 
models, crustal-mantle systems and geodynamic models involving subduction/recycling 
processes. However their origin remains controversial from one involving subducted 
basaltic protoliths to polybaric fractionates of basaltic melts with the added complexity of 
post-formational metamorphic processes.  
This thesis presents new chemical data on eclogite and pyroxenite samples from varied 
geological settings: a classic craton [Kaapvaal Craton (e.g., Roberts Victor, Kimberley and 
Bultfontein pipes)], circum-cratonic localities (Chino Valley – USA) and oceanic 
environments (Malaita, New Zealand and Hawaii). Apart from petrographic data, mineral 
chemistry has been constrained using the electron microprobe and laser ablation ICP-MS 
for major, minor and trace element data, laser ablation for oxygen isotope data and ICP-
MS and TIMS for radiogenic isotopes (Sm-Nd, Lu-Hf and Sr). 
Garnet pyroxenites have normalised trace element patterns and O isotopes consistent with 
derivation from silicate melts or by reaction between melts and peridotite. On-craton 
eclogites and garnet clinopyroxenites have normalised trace element patterns and 
heterogeneous O isotopes indicative of lower temperature processes either as (a) a 
“basaltic” protolith altered at low temperatures and subducted to form eclogite or (b) an 
eclogite retrograded to garnet pyroxenite pre- or syn-entrainment. Modeling of Hf-Nd-Sr 
isotopes indicates that the Kaapvaal eclogites were derived from Archean protoliths whose 
isotopic signatures have been disturbed by extensive metasomatism. 
Four aspects of the thesis are noteworthy: (1) the extreme Hf-Nd-Sr heterogeneity shown 
by eclogites and pyroxenites relative to MORB and OIB, (2) the heavy O isotope ratios for 
on- and off-craton samples from Chino Valley and Lovedale, (3) the unique Archean (3.15 
Ga) low Hf, Nd and Sr reservoir represented by a Roberts Victor eclogite, and (4) the Lu-
Hf system is more robust than the Sm-Nd system.  
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method described in Appendix E.  
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Figure 7.23 – Sm-Nd isochron based on recalculated whole rock data for Roberts 
Victor and (in red) other Roberts Victor samples from Jagoutz et al. (1984) and 
Jacob et al. (2005). Errors assumed at 0.5%. 
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Figure 7.24 – Lu-Hf isochron based on recalculated whole rock data for Roberts 
Victor and (in red) other Roberts Victor samples from Jagoutz et al. (1984) and 
Jacob et al. (2005). Errors assumed at 0.5%. 
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Figure 7.25 – Sm-Nd recalculated whole rock data for Roberts Victor. The data 
yields no significant isochron due to the constricted range of values.  
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Figure 7.26 – Lu-Hf recalculated whole rock data for Roberts Victor. The data yields 
no significant isochron due to the constricted range of values.  
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Figure 7.27 – Plot of εNd vs. εHf  at present for eclogites and garnet pyroxenites from 
the Kaapvaal Craton (adapted from Pearson & Nowell 2004). Shaded area 
represents data for Kaapvaal peridotites from Simon et al. (2002). 
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Figure 7.28 – 87Sr/86Sr vs. εNd at entrainment, Sm-Nd and Lu-Hf ages for garnet 
pyroxenite JAR 02073 from Lovedale and websterites from Bultfontein (adapted 
from Nowell et al. 2004). Filled squares represent megacrysts associated to Group 
I kimberlites and open squares represent megacrysts associated to Group II 
kimberlites. 
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Figure 7.29 – 87Sr/86Sr vs. εNd at entrainment, Sm-Nd and Lu-Hf ages for garnet 
pyroxenite and eclogites from Roberts Victor (adapted from Nowell et al. 2004). 
Filled squares represent megacrysts associated to Group I kimberlites and open 
squares represent megacrysts associated to Group II kimberlites. 
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Figure 7.30 – Plot of εNd vs. εHf for eclogites and garnet pyroxenites at present 
(circles with black border), 128 Ma, 2.7 Ga and 3.45 Ga. OIB, MORB and 
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Figure 7.31 – Plot of εNd vs. εHf  at 128 Ma for eclogites and garnet pyroxenites from 
the Kaapvaal Craton (adapted from Pearson & Nowell 2004). Shaded area 
represents data for Kaapvaal peridotites from Simon et al. (2002). Additionally, 
plot of εNd vs. εHf  for komatiites from the Barberton Greenstone Belt (Blichert-
Toft & Arndt 1999) at 3.45 Ga (blue diamonds), 2.7 Ga (pink squares) and 128 Ma 
(yellow triangles). Circles represent the averages. 
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Figure 7.32 – Plot of εNd vs. εHf at 128 Ma for eclogites and garnet pyroxenites from 
the Kaapvaal Craton (adapted from Pearson & Nowell 2004). Shaded area 
represents data for Kaapvaal peridotites from Simon et al. (2002). Additionally, 
plot of εNd vs. εHf for komatiites from the Barberton Greenstone Belt (Blichert-
Toft & Arndt 1999) at 3.45 Ga (blue area), 2.7 Ga (pink area) and 128 Ma (yellow 
area). Mixing curves from average komatiite and Group I kimberlites (dark blue) at 
10% intervals. 
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Figure 7.33 – Plot of εNd vs. εHf at 128 Ma for eclogites and garnet pyroxenites from 
the Kaapvaal Craton (adapted from Pearson & Nowell 2004). Shaded area 
represents data for Kaapvaal peridotites from Simon et al. (2002). Additionally, 
plot of εNd vs. εHf for komatiites from the Barberton Greenstone Belt (Blichert-
Toft & Arndt 1999) at 3.45 Ga (blue area), 2.7 Ga (pink area) and 128 Ma (yellow 
area). Green diamond represents values after point average fractional partial melt at 
2.7 Ga, red curves represent values recalculated to 128 Ma at 10% interval and 
green curves represent values recalculated to 74 Ma at 10% interval (black circle 
highlights 6% partial melting). Mixing curve from 6% partial melt and Group II 
kimberlites (Roberts Victor, light blue) at 128 Ma at 10% intervals. Mixing curve 
from 6% partial melt and Group I kimberlites at 74 Ma (grey) at 10% intervals. 
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Figure 7.34 – Effects of kimberlitic metasomatism on 3 Ga Depleted Continental 
Lithospheric Mantle (after Nowell et al. 2004).   
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Figure 7.35 – Model of the evolution of 87Sr/86Sr ratios of samples R30 in time. Bulk 
Silicate Earth (BSE) and Depleted MORB Mantle (DMM) from Workman & Hart 
(2005). Basaltic Achondrite Best Initial (BABI) value from Papanastassiou & 
Wasserburg (1969). Sample R30 intercepts the BSE at 3.15 Ga. 
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Figure 8.1 – Chemical Tomography sections from Kaapvaal (Group I and II 
kimberlites), Nothern Botswana and Udachnaya (Yakutia) and cumulative 
probability histograms of eclogite xenoliths (sensu lato) from the same localities 
(adapted from Griffin and O’Reilly 2007). 
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Fig. 8.2 – Positive Eu anomalies in garnets from peridotite xenoliths (adapted from 
Griffin and O’Reilly 2007). 
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Figure A.1 – Sample 713: hand specimen (top left), thin section (top right), thin 
section under microscope (plane polars – bottom left, and crossed polars – bottom 
right). Thin section scale bars are 1 mm. 
273 
Figure A.2 – Sample B21: hand specimen (top left), thin section (top right), thin 
section under microscope (plane polars – bottom left, and crossed polars – bottom 
right). Thin section scale bars are 1 mm. 
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Figure A.3 – Sample DJ0295: hand specimen (top left), thin section (top right), thin 
section under microscope (plane polars – bottom left, and crossed polars – bottom 
right). Thin section scale bars are 1 mm. 
274 
Figure A.4 – Sample DJ0296: hand specimen (top left), thin section (top right), thin 
section under microscope (plane polars – bottom left, and crossed polars – bottom 




 DETAILED TABLE OF CONTENTS
Figure A.5 – Sample DEJ02: hand specimen (top left), thin section (top right), thin 
section under microscope (plane polars – bottom left, and crossed polars – bottom 
right). Thin section scale bars are 1 mm. 
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Figure A.6 – Sample DEJ03: hand specimen (top left), thin section (top right), thin 
section under microscope (plane polars – bottom left, and crossed polars – bottom 
right). Thin section scale bars are 1 mm. 
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Figure A.7 – Sample DJ0285: hand specimen (top left), thin section (top right), thin 
section under microscope (plane polars – bottom left, and crossed polars – bottom 
right). Thin section scale bars are 1 mm. 
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Figure A.8 – Sample DJ0287: hand specimen (top left), thin section (top right), thin 
section under microscope (plane polars – bottom left, and crossed polars – bottom 
right). Thin section scale bars are 1 mm. 
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Figure A.9 – Sample DJ0288: hand specimen (top left), thin section (top right), thin 
section under microscope (plane polars – bottom left, and crossed polars – bottom 
right). Thin section scale bars are 1 mm. 
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Figure A.10 – Sample R8A: hand specimen (top left), thin section (top right), thin 
section under microscope (plane polars – bottom left, and crossed polars – bottom 
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Figure A.11 – Sample R30: hand specimen (top left), thin section (top right), thin 
section under microscope (plane polars – bottom left, and crossed polars – bottom 
right). Thin section scale bars are 1 mm. 
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thin section under microscope (plane polars – bottom left, and crossed polars – 
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Figure A.14 – Sample JAR 02023: hand specimen (top left), thin section (top right), 
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Figure A.21 – Sample JAR 42313: hand specimen (top left), thin section (top right), 
thin section under microscope (plane polars – bottom left, and crossed polars – 
bottom right). Thin section scale bars are 1 mm. 
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Figure A.22 – Sample RDK-1: hand specimen (top left), thin section (top right), thin 
section under microscope (plane polars – bottom left, and crossed polars – bottom 
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Figure A.23 – Sample RDK-2: hand specimen (top left), thin section (top right), thin 
section under microscope (plane polars – bottom left, and crossed polars – bottom 
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Eclogites and their associated lithologies have played a vital role in the development of 
geodynamic and geochemical models of both the Earth’s crust and mantle. A key example 
that illustrates their importance are garnet-pyroxenite assemblages which occur as 
xenoliths in kimberlites and other ultra-potassic magmatism that have been proven to 
sample the upper mantle within the diamond stability field (e.g., diamond-bearing eclogite 
xenoliths from Siberia, Jacob & Foley 1999) and even deeper in the case of ultrahigh-
pressure (UHP) xenoliths (e.g., majorite-bearing xenoliths from Malaita, Collerson et al. 
2000).  
The origin of eclogite facies lithologies remains a highly researched and yet unanswered 
question. Their derivation from either subducted oceanic slab or magmatic cumulates 
places eclogites at the heart of the global recycling and mantle evolution debate. 
The current level of understanding of eclogites and garnet-pyroxenites has been aided by 
continuing developments in analytical techniques and methods enabling a continuous 
improvement and more accurate characterisation of their geochemistry. However, while 
peridotite samples comprise the bulk of the mantle and therefore represent an easily 
available source of samples for studies, the lower abundance of eclogites and garnet-
pyroxenites has hampered efforts to understand them. Although eclogite xenoliths may 
locally be more abundant than garnet peridotite xenoliths as in the Roberts Victor 
Kimberlite, South Africa (Hatton 1978; MacGregor & Carter 1970 in Jacob 2004), eclogites 
are estimated to comprise less than 2% of the continental lithospheric mantle (Schulze 






1.1 ECLOGITES AND PYROXENITES 
Eclogites have been closely related to many developments throughout the history of 
geological sciences; yet, some of the matters that are still debated date as early as the 
discovery of these rocks as summarised by Godard (2001).  
Mineralogical chemistry of eclogites 
Eclogites were first described in the 18th century but the now widespread term was first 
suggested by René-Just Haüy in 1822. However, it was not until the later part of the 20th 
century that, with the advance of the polarising microscope, a proper petrological 
characterisation of eclogites could take place and, by the beginning of the 20th century, 
omphacite, the marker mineral in this lithology, was understood to be a solid solution of 
augite and jadeite (e.g., Eskola 1921). At present, eclogites are defined as consisting of 
omphacitic clinopyroxene and pyrope-almandine garnet. Accessory phases like rutile, 
orthopyroxene, kyanite and quartz may be present but plagioclase is absent in mantle suites 
(Pearson et al. 2005; Best 2003).  
Also during the 20th century, crystallographic studies (e.g., Smith 1982) showed that the 
eclogite parageneses resulted from high pressures in which the configuration of Al, 
particularly, would be compacted from tetrahedral into a more stable six fold-coordination 
in phases like garnet and jadeitic pyroxene (Godard 2001; Best 2003). Associated garnet-
bearing rocks include grospydites (kyanite-grospydite garnet rocks, Sobolev et al. 1968; 
Hatton & Gurney 1987; Schulze 2003), alkremites (spinel-garnet assemblages) and the 
remaining garnet-clinopyroxenites which represent any garnet-clinopyroxene assemblage in 
which omphacite is not present.  
Petrogenesis  
One of the first questions to be raised concerning eclogites was the origin of the protolith 
and it is still a matter of debate at present. With the development of the concept of 
metamorphism, controversy arose between those who favoured a magmatic origin over 
that of a metamorphic origin for these rocks. Now it is clear that some of the supposedly 
magmatic eclogites in fact refer to garnet-pyroxenite layers within peridotite. The first 
evidence in favour of a metamorphic origin appeared when many authors (e.g., Mauthner 
1872; Schuster 1878) reported diverse chemical analyses of eclogites and its constituent 
minerals which indicated a bulk composition like a gabbroic rock. This was supported by 




eclogites which was observed in the field (e.g., Bonney 1879; Lacroix 1941). In addition, 
Becke (1903) showed that eclogite was the high-pressure equivalent of gabbro by applying 
the Clausius-Clapeyron equation (“volume law”).  
Advances in the geochemical characterisation of these rocks and experiments on the 
gabbro-to-eclogite transformation (Ringwood & Green 1966; Green & Ringwood 1967, 
1972) resulted in most eclogites being considered as metamorphosed gabbroic or basaltic 
rocks (Godard 2001). However, Jacob (2004) noted that some eclogite suites can be 
explained with variations in the subduction hypothesis. For example, Barth et al. (2001) 
and Jacob & Foley (1999) suggest a model in which eclogites are residues of partial melt of 
a subducted slab. Barth et al. (2002b) and Jacob et al. (2003) noted that some eclogites may 
represent gabbroic cumulates emplaced in the oceanic crust prior to subduction. Evidence 
supportive of a subduction origin came from heavy oxygen isotope ratios that are 
indicative of seawater alteration of the protolith (i.e., oceanic crust) (e.g., Barth et al. 2001). 
Conversely, heavy oxygen isotope ratios for samples from the Kuruman province in the 
Kaapvaal Craton show mantle-like values suggesting, together with trace element and other 
geochemical constraints, that these eclogites may result from magma fractionation in the 
upper lithospheric mantle (Schmickler et al. 2004). 
Classification  
Many classification systems are currently available for eclogites, e.g., Coleman et al. (1965), 
based on geodynamic setting, and the classification of Roberts Victor eclogites by 
MacGregor & Carter (1970) based on mineral chemistry (Pearson et al. 2005). The 
geodynamic classification proposes three groups (Godard 2001): (a) eclogites from the 
mantle (xenoliths in kimberlite pipes or associated with peridotite massifs), (b) ophiolitic 
eclogites from high-pressure belts in orogens and (c) eclogites within gneiss. For this study, 
emphasis is placed on mantle xenoliths.  
Mantle xenoliths and the geochemistry of the upper mantle 
Any discussion about the composition of the upper mantle involves models with eclogite 
and peridotite components. The presence of eclogite in the mantle has been proven by the 
discovery of eclogite xenoliths in kimberlites, first described by Cohen (1879) in the 
breccia at Jagersfontein, South Africa, alongside peridotite and diamond recovered from 
eclogite xenoliths (Bonney 1899). Goldschmidt (1922) proposed the existence of an 
eclogite layer on the basis of seismological dat, but this hypothesis was disproved by a 




Green & Ringwood 1967, 1972) which favoured a fertile peridotite (or “pyrolite”) mantle. 
Schulze (1989) estimated that eclogites comprise less than 2% of the continental 
lithospheric mantle. As expected, peridotite-type inclusions (P-type) are more common 
than eclogitic-type inclusions (E-type) in diamonds. Despite macrodiamonds being related 
to the peridotite hosts, diamondiferous eclogites are much more common than 
diamondiferous peridotites (Pearson et al. 2005). 
Garnet clinopyroxenites 
Garnet clinopyroxenites differ from eclogites both in terms of their mineralogy and their 
geotectonic setting, with eclogites being more common in cratonic xenolith suites (Pearson 
et al. 2005). Pyroxenes in both garnet pyroxenite xenoliths and pyroxenite layers within 
peridotite massifs show lower jadeite and a greater compositional range than 
clinopyroxenes in eclogite (Pearson et al. 2005). The pyroxenes overlap with liquidus 
pyroxenes produced in high-pressure experiments (Pearson et al. 2005). Garnet 
clinopyroxenites are believed to represent high pressure cumulates from silicate melts 
(Irving 1980; Pearson et al. 2005) and have been linked to magmagenesis of mid-ocean 
ridge basalts (MORB) and continental ultrapotassic volcanism (Pearson & Nowell 2004). 
Recently, Sobolev et al. (2005) suggested a model for the origin of tholeiitic magmatism in 
Hawaii involving a mixture of unreacted peridotite and secondary pyroxenite produced by 
interaction of peridotite with high SiO2 liquids derived from melting of eclogite bodies by 
a rising plume. More detailed information will be presented in the following chapters and 
the reader is referred to the summaries by Godard (2001), Jacob (2004) and Pearson et al. 
(2005). 
1.2 AIMS  
The primary aim of this study is to investigate the geochemistry of eclogites and garnet 
pyroxenites from a range of tectonic settings - cratonic, circum-cratonic and oceanic 
settings 
The project will focus on: 
Petrology and mineral chemistry – Petrological description in conjunction with 
mineralogical, elemental and isotopic characterisation of the different rock types, with 
discussion of any contrasting mineral and/or bulk rock compositions, compositional 






Thermobarometry and geochemistry – To assess the age, provenance, PxT evolution, 
origin and extent of possible metasomatic processes, with particular reference to the local 
tectonic history. The information obtained from the geochemical characterisation and 
petrogenesis of the samples will be used to provide constraints that help distinguish 
whether these rocks are (a) underplated asthenosphere-derived melts, (b) detached slabs 
from destructive plate margin settings, (c) recycled altered lithosphere, (d) polybaric melt 
derivatives or (e) derived from a deeper provenance.  
Present day techniques and methods – During data acquisition the reliability and 
usefulness of established methodologies will be evaluated and particular attention will be 










Peridotites represent the bulk of the composition of the shallow upper mantle and exist as 
sub-aerial exposures (tectonically exhumed orogenic peridotites, ophiolite bodies), 
submarine exposures on the seafloor (abyssal peridotites) or as xenoliths in basaltic or 
kimberlitic magmas in both continental and oceanic settings. Garnet pyroxene assemblages 
occur in association with peridotites. They can occur as dikes and veins, metasomatic or 
deformed pyroxenites in tectonically exhumed bodies or as a minor part of xenolith suites.  
This chapter presents petrological descriptions of samples from craton and circum-
cratonic areas (kimberlite pipes from the Kaapvaal Craton in southern Africa and Chino 
Valley, USA) and oceanic areas (Malaita, Solomon Islands; Salt Lake Crater, Hawaii; 
Kakanui, New Zealand).  
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 02 SAMPLES
2.1 INTRODUCTION  
The first description of an eclogite was that of de Saussure (1779-1796) with reference to a 
sample from the Rhone Valley near Geneva. Since then, garnet-pyroxene assemblages have 
not only been reported in other orogenic localities but also as part of the metamorphic 
sequences present in ophiolitic complexes and, at the turn of the 20th century, garnet-
pyroxene xenoliths were found in kimberlites (e.g., Bonney 1899).  Evidence that these 
lithologies represent high-pressure equivalents of gabbro (Becke 1903) and the presence of 
diamonds within the xenoliths (e.g., Bonney 1899) supported the idea that eclogite formed 
a dense “basaltic” part of the mantle (e.g., Fermor 1912). Fermor’s theory about an 
eclogite layer was later strengthened by the discovery of the Mohorovicic discontinuity in 
1910 (Mohorovičić 1910) and seismological evidence (Goldschmidt 1922). Ringwood & 
Green (1966) showed that the mantle was mainly composed of pyrolite (i.e., fertile 
peridotite) and that eclogite had an important role to play as it contained the constituents 
of “basaltic” magma (see also Godard 2001).  
2.1.1 MODES OF OCCURRENCE OF MANTLE MATERIAL  
The suites of mantle material to which garnet-pyroxene assemblages are associated are 
mostly related to different tectonic settings. Mantle rocks can be exposed on surface as 
xenoliths/xenocrysts hosted by kimberlite and other ultra-potassic rocks or as tectonically 
exhumed bodies, i.e., orogenic peridotitic massifs, ophiolitic bodies and oceanic (abyssal) 
peridotites. This chapter will present a brief description of the different modes of 
occurrence and respective main localities based on the reviews presented by Pearson et al. 
(2005) for xenoliths and by Bodinier & Godard (2005) for the remaining lithologies. The 
geochemical data will be dealt with in the proper chapters ahead.  
2.1.1.1 Tectonically exhumed bodies 
Orogenic peridotite massifs 
Orogenic peridotite massifs are found in suture zones and mountain belts. The main 
lithology is harzburgite or lherzolite equilibrated in the plagioclase-, spinel-, or garnet-
peridotite facies, and thus they are subdivided into three groups according to the stability 





This group represents high-pressure (HP) and ultrahigh-pressure (UHP) bodies mostly 
equilibrated in the stability field of garnet and diamond. The origin of these rocks is still 
controversial, including suggestions of derivation from subducted material, cratonic 
lithosphere, or deep-seated asthenospheric diapirs.   
Following the classification of Brueckner & Medaris (2000), not all orogenic garnet 
peridotites are “mantle” types and so occurrences like those of the Western Gneiss Region 
in Norway (Carswell et al. 1983) and the Dabie Shan terrane in China (Zhang & Liou 1998) 
are considered to represent original crustal material subducted with continental host rocks. 
True mantle garnet peridotites occur along active continental margins of continent-
continent sutures. Although some garnet peridotites seem to represent relict cratonic 
subcontinental lithosphere (e.g., garnet-peridotites of the Western Gneiss region, 
Norwegian Caledonides – Carswell et al. 1983; Brueckner & Medaris 2000), subduction 
seems to play an important role in the formation of these rocks either as “prograde” and 
“HP-HT” types or and UHT garnet peridotites. The major difference between these 
lithologies concerns their P-T history. Prograde peridotites start at shallow to intermediate 
depths (20-50 km) and follow prograde metamorphism to the garnet-peridotite facies while 
HP-HT peridotites are formed in the stability field of garnet-peridotites (> 50 km). UHT 
peridotites, conversely, are first equilibrated at temperatures higher than 1200ºC in the 
stability field of spinel and later recrystallized in the stability field of garnet-peridotites. 
Examples of prograde peridotites include the Swedish Caledonides (van Roermund 1989), 
Massif Central Variscides (Gardien et al. 1990), Su-Lu terrane, China (Zhang & Liou 1998) 
while for the HP-HT, the Bohemian, Schwarzwald and Vosges Variscides (Kalt et al. 1995; 
Altherr & Kalt 1996; Medaris et al. 1998) and Alpe Arami peridotite in the Central Alps 
(Green et al. 1997; Nimis & Trommsdorff 2001). Mohelno, Bohemian Variscides (Medaris 
et al. 1998) represents an example of UHT mantle garnet-peridotites.  
IP MASSIFS 
Mantle rocks equilibrated mostly in the stability field of spinel are more strongly 
constrained to an origin from the subcontinental mantle and show structures, textures, and 
mineralogy better preserved than in other orogenic peridotites. Most of the studies refer to 
three groups of massifs in western Europe and northern Africa, with the exception of the 
Tinaquillo peridotite, Cordillera de la Costa, Venezuela (e.g., Seyler and Mattson 1993). 
The three groups of massifs in Europe and Africa are: 
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(i) Ronda and Beni Bousera, part of the Betico-Riftean belt in southern Spain and northen 
Morocco (e.g., Blichert-Toft et al. 1999a; Pearson & Nowell 2004). The Ronda massif is 
the largest exposure of subcontinental material on surface.  
(ii) Lherz, Pyrenean lherzolites in southern France (e.g., Fabriès et al. 1989). 
(iii) Baldissero, Balmuccia and Finero within the Ivrea peridotite bodies in the Italian Alps 
(e.g., Hartmann & Wedepohl 1993). 
LP MASSIFS 
Some peridotites show incipient to complete recrystallization in the stability field of 
plagioclase as a result of their formation in a region of thin or young crust in an 
extensional setting. These suites differ from HP/UHP and IP peridotites by being intruded 
by small bodies of gabbros and MORB dikes.  
The most significant bodies include Malenco (Müntener et al. 2000), Mt Avic (Dal Piaz 
1969), Lanzo (Bodinier et al. 1991), Erro-Tobbio (Vissers et al. 1991) and the External 
Ligurides (Piccardo 1977). 
Ophiolitic peridotites 
Mantle suites are present as the lower ultramafic section of obducted oceanic lithosphere. 
Numerous occurrences are observed in all the major orogenic belts; among the best 
studied are the Internal Ligurides (northern Italy), Troodos (Cyprus), Semail (Sultanate of 
Oman and U.A.E.), Xigaze (Tibet), Klamath Mountains (Trinity, California), and the Bay 
of Islands (Newfoundland, Canada) (Bodinier & Godard 2005). Mostly, the ultramafic 
section of these ophiolitic complexes are characterised by either a lherzolitic composition 
(e.g., Internal Ligurides) or a dominantly harzburgitic composition (e.g., Semail ophiolite) 
(Nicolas & Boudier 2003). In addition to these fragments of ancient oceanic lithosphere, a 
few examples of obducted island arcs include the Kohistan complex, northern Pakistan 
(e.g., Burg et al. 1998), and the Cabo Ortegal ultramafic complex in northwestern Spain 
(e.g., Girardeau & Gil Ibarguchi 1991). 
Oceanic peridotites 
A few peridotites are brought to surface above sea level in ocean basins, as the Zabargad 
peridotite in the Red Sea (e.g., Bonatti et al. 1981), the St. Peter’s and St. Paul’s islands in 
the Atlantic (e.g., Bonatti 1990) and harzburgites in Macquarie Island, southwest Pacific 
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(Goscombe & Everard 2001). However, all these abyssal peridotites are serpentinized and 
disturbed by the tectonic events that affected those areas and may not represent “normal” 
oceanic mantle (e.g., Nicolas & Boudier 2003). 
2.1.1.2 Xenoliths 
Fragments of the mantle can also be brought to surface within alkalic and potassic rocks in 
different tectonic settings. In general, in cratonic settings these xenoliths tend to be hosted 
by kimberlites whereas in circum-cratonic settings they are hosted by basaltic magmas.  
Continental xenoliths are mostly represented by rocks in the spinel and garnet peridotite 
facies. Extensive studies exist on suites from southern Africa, mostly on diamondiferous 
kimberlites of the Kaapvaal Craton (Nixon 1987; Gurney et al. 1991; Woodland et al. 
2002), but other occurrences are described from the Siberian Craton (Boyd 1997; Roden et 
al. 2006), the Slave Craton (Kopylova et al. 1999; Heaman et al. 2006) and the Colorado-
Wyoming Craton (Eggler et al. 1979). Xenoliths are also reported from craton margins 
(Somerset Island, Mitchell 1977; Schmidberger & Francis 1999) and Proterozoic 
continental areas in Namibia (Mitchell 1984). 
Oceanic xenoliths are best represented by the suites of the Hawaiian volcanic chain 
(Jackson & Wright 1970; Bizimis et al. 2005), the Canary Islands (Neumann et al. 1995), 
Samoa (Hauri et al. 1993) and Grande Comore (Coltorti et al. 1999). In addition, the 
xenolith suite from Malaita (Solomon Islands) represents an example of mantle lithosphere 
sampled underneath an oceanic plateau (Ontong Java Plateau, Nixon & Boyd 1979; 
Ishikawa et al. 2004).  
Xenoliths from subduction zones like those from Ichinome-Gata, Japan (Aoki 1968), 
Simcoe, NW, USA (Brandon et al. 1999) and the Tabar-Lihir-Tanga-Feni arc, Papua New 
Guinea (McInnes & Cameron 1994) are still a matter of debate in terms of being 
representative of the metasomatised mantle wedge above the subduction zone or not being 
related to the subduction zone at all.  
2.1.2 GARNET PYROXENITES 
2.1.2.1 Garnet pyroxenites in orogenic and oceanic peridotites 
A variety of sensu lato pyroxenites occur associated with tectonically emplaced peridotites 
and oceanic mantle rocks, including eclogites and garnet-pyroxenites. At present two 
different hypotheses are available to explain the origin of these mafic rocks, mostly in 
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terms of either (i) high-pressure crystal segregates from mantle melts (e.g., Frey & Prinz 
1978; Irving 1980) or (ii) the “marble cake” mantle hypothesis of Allègre & Turcotte 
(1986), stretching and recrystallization of subducted oceanic crust in convective mantle). 
Still, there are some other alternative suggestions available like that of Pearson et al. (1993) 
for some garnet pyroxenites from Beni Boussera as crystal segregates from partial melts 
derived from subducted oceanic crust.  
However, since this is still a matter of debate, a further discussion on the origin of these 
rocks is left for the following chapters. At this moment, pyroxenites can be viewed in 
terms of their structural and textural relationships with the host peridotite, occurring as (i) 
dikes and veins, (ii) replacive pyroxenites, and (iii) deformed pyroxenites. 
Dikes and veins cross-cut the peridotite foliation and compositional layering (Wishire et al. 
1980) and are generally deformed at high temperature. These are interpreted as crystal 
segregates precipitated into magma conduits.  
Replacive pyroxenites tend to show no significant deformation and typically occur as 
concordant layers or elongated lenses within the harzburgite and dunites (Garrido & 
Bodinier 1999). They show gradual transitions from thin diffuse pyroxene layers (< 1 cm) 
to thick websterites lenses (> 1 m) and are considered to be formed by replacement of 
peridotites by melt-rock reaction (e.g., Kelemen et al. 1995).  
Deformed pyroxenites are strongly deformed in mantle conditions and form layered 
sequences resulting from multiple folding of layers of pyroxenites and host peridotite. 
Some high pressure garnet pyroxenites are thought to have originated as magmatic dikes in 
the lithospheric mantle or in the mantle wedge above a subduction zone (Bodinier et al. 
1987; Sautter & Fabriès 1990; Mukasa et al. 1991; Pearson et al. 1993; Takazawa et al. 
1999), deformed and transported into the peridotite host during exhumation. However, 
there is still some uncertainty about HP and UHP garnet pyroxenites like those in Ronda 
and Beni Bousera, but the available hypotheses suggest somehow that these pyroxenites 
represent subducted crustal material exhumed with the peridotite (e.g., Brueckner & 
Medaris 2000).  
2.1.2.2 Garnet pyroxenite xenoliths 
Eclogites are present in kimberlites from cratonic areas, but it is a minor lithology 
compared to peridotites. According to Schulze (1989), they may represent less than 2% of 
the continental lithospheric mantle that is sampled by kimberlites. However, such places as 
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the Roberts Victor kimberlites (South Africa) in the Kaapvaal Craton can show an 
exceptional abundance of eclogite xenoliths, up to 95-98% of the total xenoliths and, for 
that, these places have been preferred for the study of this lithology. On the other hand, 
eclogites are rare in oceanic suites, where pyroxenites and garnet pyroxenites are more 
common.  
2.2 SAMPLES SELECTED 
Xenoliths and tectonically exposed mantle rocks provide vital information about the 
chemical composition and evolution of the upper mantle (Pearson et al. 2005). Abyssal, 
orogenic and ophiolitic peridotites provide information about regions not sampled by 
xenoliths, mostly ocean basins, passive continental margins, back-arc basins and oceanic 
island arcs. Also, some of the well preserved peridotite massifs have maintained their 
structural integrity such that mantle processes can be studied on a larger scale than that 
observed in mantle xenoliths (Bodinier & Godard 2005). However, in contrast to mantle 
xenoliths, not only is there still uncertainty regarding their geodynamic setting but most of 
the tectonically emplaced mantle material is affected by deformation and metamorphism 
during tectonic emplacement (Bodinier & Godard 2005). 
Mantle xenoliths, conversely, are quickly erupted and unaffected by later tectonic activity 
providing mineralogical and chemical information on the mantle at the time of eruption 
(Pearson et al. 2005). In addition, not only they are representatives of a much greater depth 
range than massifs (Pearson et al. 2005) but also they can be used for comparisons of 
lateral variations between lithospheric provinces (O'Reilly et al. 2001).  
Description and analyses of mantle xenoliths has been so far limited by the restricted 
availability of samples not only in terms of occurrence on surface (outcrops of kimberlites 
and other ultra-potassic rocks) but also in terms of the usually much lower abundance of 
eclogite and garnet-pyroxenite among the xenolith and xenocryst population within the 
host kimberlite.   
The selection of samples for this study was restricted to xenolith occurrences because of 
the aforementioned advantages and because it provided an opportunity to sample a wider 





2.2.1 CONTINENTAL SETTING 
2.2.1.1 South Africa 
The Kaapvaal Craton is a result of episodic accretion of numerous terranes and blocks 
between 3500 to 2500 Ma (Poujol et al. 2003 and references within). Nowadays, most of 
the Archean basement is covered by Neoarchean to Palaeoproterozoic volcano-
sedimentary systems (Poujol et al. 2003). The major nearby event posterior to that is the 
Pan-African rifting and closure, with the gradual closure of the proto-South Atlantic 
Ocean between 750 and 500 Ma (Coward 1983 in Porada 1989). Following the Pan-African 
event, major thermal perturbations are marked by the Karoo flood basalts at 183 Ma, 
possibly associated to the opening of the Indian Ocean (Bell et al. 2003). Continuous 
migration of these South Atlantic plumes lead to the eruption of Mesozoic kimberlites and 
associated alkaline rocks in southern Africa (Bell et al. 2003), namely Group II kimberlites 
(120-150 Ma) and Group I kimberlites (80-95 Ma) of Smith (1983) and Smith et al. (1985). 
A number of samples are available from the Kaapvaal Craton, which include well studied 
areas such as Bultfontein, Kimberley and Roberts Victor and samples from Roodekraal, 
Lovedale and Jachtfontein on the craton margin.  
BULTFONTEIN 
713  
This sample was recovered from the Bultfontein dumps and is part of the Ian MacGregor 
Collection housed at UC Riverside. The dark green sample is rounded at the borders and 
shows no evidence of extended alteration. Macroscopically the sample is composed of 
70% clinopyroxene, 15% of orthopyroxene, with ca. 10% garnet, and the remaining 5% is 
made up of mica. The texture is coarse equigranular and the mica is intergranular. Garnet 
is subhedral to anhedral, up to 1 cm long. It is fractured with some secondary minerals 
filling the fractures. Clinopyroxene is anhedral to subhedral, sub-angular and fractured and 
occurs associated with anhedral and fractured light green orthopyroxene. Locally, the 
orthopyroxene contains exsolution lamella. Mica is subhedral and measures up to 6 mm. 
Accessory opaque minerals occur as intergranular phases.  
B21  
This sample was recovered from the Bultfontein dumps and is part of the Ian MacGregor 
Collection housed at UC Riverside. The sample is a dark green garnet websterite, similarly 
to sample 713, with no signs of alteration. Macroscopically the sample is composed of 
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75% clinopyroxene, with 10% orthopyroxene. Garnet comprises less than 10% of the rock 
while the reminder of the rock is composed of anhedral mica and some accessory opaque 
minerals (i.e., 5%). The overall texture is coarse, but all the mineral grain boundaries show 
some sort of alteration. Locally mica and some of the orthopyroxene tend to enclose the 
garnets. Clinopyroxene is anhedral, sub-rounded and fractured, varying from 1 to 20 mm. 
Orthopyroxene occurs as an anhedral, sub-rounded, moderately fractured phase 1 to 7 mm 
long. Garnet is anhedral, sub-angular, 1 to 10 mm long.  
KIMBERLEY  
All these samples were collected by Dorrit Jacob from the Kimberley Pipe. 
DJ0295  
Macroscopically the sample is composed by 70% garnet, 15% clinopyroxene and 15% 
mica.  The texture is coarse but the grain boundaries have a irregular appearance. Garnet is 
up to 2 cm long, subhedral, subangular, fractured and with a cloudy aspect. Clinopyroxene 
is anhedral, rounded and fractured and measures up to 1 cm. It is altered, in part, but still 
retains some fresh cores to crystals.  Mica occurs as an accessory phase filling the 
interstitial space between the primary phases, is tabular and averages 6 mm in length. 
DJ0296  
Macroscopically the sample is composed of 35% garnet and 65% clinopyroxene. The 
texture is coarse, with contacts between phases better delimited than in the previous 
sample from the same site (i.e., DJ0295). Garnet is subhedral/anhedral, subrounded, 
fractured and cloudy, measuring from 1 to 15 mm. Clinopyroxene is anhedral, rounded, 
clouded and fractured, averaging 3 mm in length. The co-existing minerals have a texture 
that somehow resemble cumulates (i.e., euhedral-subhedral crystals in an anhedral matrix). 
Accessory phases include mica, which fills the interstices between the mineral grains. 
Often the mica has an irregular (anhedral) and elongated shape, containing some sulphides.  
ROBERTS VICTOR 
DEJ02  
Hand specimen looks greyish to pale green in colour, is rounded and presents surface 
alteration. Macroscopically the sample is composed of ca. 65% garnet and 35% 
clinopyroxene.  The texture is coarse grained. Garnet is pale brown in colour, rounded, 
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subhedral, fractured and 2 to 10 mm long. Clinopyroxene occurs as much altered crystals, 
resulting in a cloudy aspect and a green-whitish colour. Clinopyroxene crystals are anhedral 
ranging from 1 to 150 mm long. Euhedral to subhedral mica is found surrounding the 
garnet in a secondary mass.  
DEJ03  
This is a well rounded sample showing some surface weathering. Macroscopically the 
sample is composed of 50% garnet and 50% clinopyroxene in a coarse texture. Garnet is 
slightly altered, rounded and subhedral, ranging from 3 to 8 mm while clinopyroxene is 
anhedral/subhedral, pale green (locally clear), 2 to 8 mm long. The alteration of 
clinopyroxene is more intense towards the borders of the crystals. Mica occurs in a variety 
of forms: acicular when included inside the garnet, anhedral to subhedral when 
surrounding the garnet as a corona texture. 
DJ0285 
This sample is dark green in colour with no evidence for alteration. Macroscopically the 
sample is composed of 65% garnet and 35% clinopyroxene. Garnet crystals are rounded, 
subhedral, 1 to 5 mm long and clinopyroxene is anhedral under the microscope, and 1 to 4 
mm long. Both phases are fractured and have a coarse texture. Accessory phases include 
euhedral pyrite (less than 1 mm), euhedral calcite occurring in the secondary ground mass 
and mica crystals inside the garnet.  
DJ0287  
The sample is rounded in shape, greyish green in colour. Macroscopically the sample is 
composed of 45% garnet, 50% clinopyroxene and 5% mica forming a coarse texture. 
Garnet is rounded, anhedral, fractured and 4 to 12 mm long. Clinopyroxene is anhedral, 
fractured, and 1 to 12 mm long, although altered there are a few preserved fresh cores. 
Mica occurs as large crystals infilling the interstices between garnets and in a corona 
texture around garnet. 
DJ0288  
Macroscopically the sample is composed of 55% garnet and 45% clinopyroxene. The 
general texture is coarse, though crystals are slightly elongated. Garnets are brownish red 
to red, anhedral and very fractured. Fractures tend to be parallel to the axis of elongation 
of the specimen. Clinopyroxene is anhedral, opaque (with some fresh, preserved mineral 
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cores). Accessory mica occurs as small, well formed, crystals inside garnet and 
clinopyroxene and also surrounds garnet in a mass formed by the alteration of pyroxene. 
There are also accessory sulphide phases and calcite.  
R8A  
This hand-specimen looks yellowish green due to being highly altered/weathered. 
Macroscopically the sample is composed of ca. 45% garnet and 55% clinopyroxene. 
Garnet is subhedral, rounded, fractured, 2 to 10 mm long and clinopyroxene is altered, 
rounded, subhedral, fractured, 4 to 10 mm long. Euhedral accessory mica occurs around 
garnet (corona texture) as well as filling some fractures in pyroxene. 
R30 
The advanced weathering of this angular sample emphasises the red garnets among the 
very altered greyish-brownish pyroxenes. Macroscopically the sample is composed of 50% 
garnet and 40% clinopyroxene, the remaining being filled with secondary mica and 
amphibole. Garnet is brownish, subhedral, fractured, 2 to 5 mm long. Clinopyroxene is 
anhedral and altered. Mica and amphibole are displayed in a corona texture around garnet 
and also inside the most altered part of the pyroxene 
LOVEDALE   
These samples were supplied by Anton Le Roeux. 
JAR 02073   
The sample (fragment of the original specimen) shows layering, though not fully developed: 
dark green bands of pyroxene and dark red and green areas of pyroxene and garnet.  
Garnet (~ 50%) is pale pink to caramel, pale in the altered layer, anhedral to subeuhedral, 
subangular and slightly to moderately fractured. It is displayed in a “chain” of aggregates, 
forming the poor layering with some pyroxene “trapped” or filling the spaces within this 
texture. It is ≤ 1 mm long, even smaller on the layer richer in mica. Secondary material is 
present at the contacts and may fill the fractures. It also may contain inclusions of 
pyroxene. 
Pyroxene (~ 50%) is anhedral, subangular, slightly to moderately fractured, about 4 mm in 
size, dark green to black and is being substituted/altered into a pale whitish green phase, 
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process which seems to be more advanced in the layers containing garnet. Locally, a single 
crystal of amphibole envelopes various crystals of garnet and later pyroxene which also 
form the border of the crystals.  
Mica is present as an accessory phase mostly just after the altered layer (edge of the sample) 
but also associated to other secondary products at the altered layer. It is anhedral and 
reaches up to 2 mm.   
JAR 02093   
Fragment of a coarse equigranular rock, dark greyish green and caramel red, with garnet, 
pyroxene and, locally, some carbonate.  
Garnet is anhedral, subrounded, moderately to much fractured, up to 3 mm in size (~ 
40%). The borders of the crystals are filed by a thin layer of oxides (opaque) and secondary 
material and it also locally shows inclusions of slightly altered pyroxene. Pyroxene (~ 60%) 
is anhedral, subangular, slightly to moderately fractured, up to 6 mm long and 3 mm wide. 
Carbonate occurs on all grain boundaries together with secondary (alteration) products, 
and also filling what seem to have been previously exsolution lamellae. Oxides (opaque) 
crystals also tend to occur on the contacts between garnet and pyroxene and as inclusions 
in pyroxene.  
JAR 02023   
This is a coarse dark fragment of the original sample, mostly black and dark greyish green. 
Garnet (~ 40%) is anhedral, angular, brown red to orange, and fractured, 1 to 5 mm long, 
with corroded borders. It is enveloped by greenish altrered/secondary material and 
contains inclusions of pyroxene, epidote, carbonate and opaque phases. 
Pyroxene is anhedral and changes from black, anhedral, angular relict cores up to 12 mm 
long into a green mass, starting by the cleavage/fracture but also enveloping the relict core 
(~ 60%). Anhedral mica, epidote and opaque phases occur as accessory. 
JAR 02153   
This small fragment of the original sample consists mostly of pyroxene, but with also a few 
crystals of garnet and kyanite. 
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Garnet is dark brownish red, 1 to 5 mm in size, slightly oval to anhedral, subangular and 
much fractured, containing up to millimetre sized mineral inclusions and with filling of 
secondary material in the fractures. Pyroxene is 1 to 5 mm, anhedral, subangular and much 
fractured; opaque “cloudy” light green colour constitutes the border and the fractures that 
cut the small dark green relict core. Kyanite is clear to pale blue, prismatic, subrounded and 
forms the imminent foliation. It is around 1 mm x 4 mm in size.  
JACHTFONTEIN  
These samples were supplied by Anton Le Roeux. 
JAR 20093  
 This consists of a fragment of the original hand-specimen: rounded/oval edge with bands 
of olive green pyroxene and dark red garnet. Garnet is subhedral, subangular to 
subrounded, much fractured with some secondary products on the contacts. It is smaller 
than 1 mm (locally up to 2 mm), 40% of the sample. Pyroxene is subhedral, angular, very 
fractured with a whitish altered rim to light olive green relict core (60%).  Mica occurs as 
subrounded to rounded, anhedral flakes developing the garnets. Opaques occur as 
accessory phases. 
JAR 20113   
This fragment of the original sample, with oval/rounded edge, shows a layered texture 
formed by red/brownish red garnets and greyish-light green opaque pyroxene with 
translucent relict cores. Garnets are subanhedral, subrounded, very fractured and slightly 
corroded at the borders, reaching up to 3 mm and composing some 40% of the rock. It is 
enveloped by secondary material and a smaller later generation of amphibole. Pyroxene is 
clear green/dark, anhedral, angular and corroded at the relic cores, changing into 
surrounding white mass following fractures/cleavages. Accessory phases include mica, 
little carbonate opaque phases and the later amphibole, which seems to be more associated 
to the secondary mass that envelops garnet. 
JAR 20263 
The hand specimen available is a section of the original rock. It shows a rounded edge and 
weathering rim of about 8 mm and is composed by aggregates of rounded garnet 
surrounded by altered pyroxene. Garnet is rounded, dark brown, very fractured, < 1 mm 
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to 1.5 mm in size and is enveloped by a rim of secondary material that also fills fractures; it 
corresponds to about 45% of the sample. 
Pyroxenes are anhedral, very altered white rim with preserved dark green core (about 55%). 
It is locally subrounded, < 1 mm to 3 mm in size. Accessory phases include opaque 
minerals and secondary mica, associated to the garnet. 
JAR 20273   
The hand specimen is dark greyish green in colour, with orange-brown garnets in a layered 
texture of garnets and pyroxene. Garnets are bright, rounded, very slightly to moderately 
fractured, < 1 mm to 5 mm in size, composing about 60% of the rock. Secondary products 
fill holes (inclusions) on the crystals, though there is only little to moderate amount of this 
material between contacts with other garnets.  
Pyroxenes are whitish-green at the rim due to alteration and dark to olive-green at relict-
cores, very fractured and anhedral and compose 35-40% of the sample. Opaques occur as 
accessory. 
ROODEKRAAL  
These samples were supplied by Anton Le Roeux. 
JAR 42163   
The hand specimen (a slab of the original sample) is moderately layered with 
brown/orange to dark red garnets and dark green pyroxene with altered rim. Garnet is 
subangular, very fractured and shows a few inclusions of pyroxene, locally (~ 60%). It is 
less than 2 mm in size and show no noticeable orientation related to the layering. Pyroxene 
is subrounded to rounded, angular to subangular and fractured. Most of the crystals are 
altered, just a few showing yellowish-dark green relict cores.  
All contacts are filled with secondary material, including brownish amphibole. Opaque 
material occurs as accessory. 
JAR 42313  
The sample corresponds to a fragment of the original specimen. It is generally composed 
by light yellow-green clouded pyroxene with dark red weak “lineaments” of garnets with 
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some orange-yellow oxides occurring in cracks parallel to these lineaments Garnet is 
subrounded to subangular, dark red, moderately to much fractured, locally associated to 
the oxides, slightly elongated parallel to the weak “lineament”, composing some 40% of 
the rock. 
Pyroxenes show only a few preserved crystalline cores (< 1 mm). It is anhedral, angular to 
subangular, white to yellowish green (depending on the presence of oxide 
fluids/metasomatism) and about 40% of the rock. They also occur elongated parallel to 
“lineaments”. 
Kyanite composes ~20% of the sample. It is smaller than pyroxene, subangular to 
subrounded. It is not altered and deformed as pyroxene, though it shows corrosion/dents 
and holes.  Opaque phases occur as accessories.  
RDK1  
This equigranular dark green/red fragment of the original sample showing incipient 
layering. Garnets (60%) are anhedral, subangular, fractured and can show some elongation. 
Most are a few millimetres in size, but some can reach 4 mm. The crystals are corroded at 
the borders and enveloped by a film of oxides and show rutile needles as inclusions. 
Secondary material and opaque phases (oxides) are present at the contact between garnets.  
Pyroxenes are anhedral, subrounded to subangular, slightly to moderately fractured and 
locally showing corroded borders. Crystals may show exsolution and mineral inclusions 
while secondary material is present at the contacts, but to a lesser extent than that of 
garnets.  
RDK2 
The sample corresponds to an olive-green block. Macroscopically, garnets are rounded, 
dark, smaller than 1 mm, with an apparent cumulate texture. At the border, the structure 
becomes more compact and oval tangent to the rim. At the centre, garnet composes 75% 
of the sample, but ~ 95% at the rim. Pyroxene is anhedral, whitish with crystalline dark 
green relicts and seems to be filling the space within the “garnet fabric”, with the 
abundance decreasing towards the rim (~ 25% at the centre).  
Microscopically, garnet is subangular to rounded, locally fractured, enveloped by products 
of alteration/secondary, with local inclusions. Pyroxene is anhedral, same size as garnet, 
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slightly fractured and in “cumulates” with no secondary products among crystals. Also, 
they show no zonation, only a clouded aspect. Mica occurs as an accessory phase. 
2.2.1.2 Chino Valley, USA 
The emplacement of kimberlites in North America spans over one billion years from the 
Mesoproterozoic to Tertiary occurrences (Heaman & Kjarsgaard 2004). Chino Valley, in 
particularly, is situated in the Transition Zone between the Colorado Plateau and Basin and 
Range provinces. The region was underlain by subducted lithosphere in the early Cenozoic 
followed by compression (Coney & Reynolds 1977; Bird 1988) and, in mid-Cenozoic, 
extension (Coney 1987) and emplacement of magmatism (Nealey & Sheridan 1989) (in 
Smith et al. 1994).  Samples 13-91-8, 13-91-5 and 12-97-100 where given by Dan Schulz. 
Samples 117200-141 and 117200-144 are part of the collection of Leslie Hale at the 
National Museum of Natural History.  
13-91-8  
Macroscopically the sample is composed of 50% garnet and 35% clinopyroxene and 
amphibole, all forming a coarse texture appearing “igneous” in places. Garnet is anhedral, 
and rounded, clear but slightly fractured, each crystal being 1 to 8 mm long. Clinopyroxene 
is anhedral, fractured and cloudy, and 1 to 7 mm long. Amphibole is anhedral and up to 3 
mm. Other secondary material surrounds the garnet.  
13-91-5  
Macroscopically the sample is composed of 20% garnet and 45% clinopyroxene and 35% 
amphibole. The amphibole constitutes a mass of amorphous, locally tabular, crystals that 
fill the spaces between the other phases. The garnets are anhedral, subrounded, very 
slightly fractured, clear and around 2 mm long. The clinopyroxenes are anhedral, angular, 
slightly fractured and quite clear, reaching 5 mm long. Both phases show some corrosion 
at the borders; a film of opaque minerals envelops the garnet crystals.  
12-97-100  
Macroscopically the sample is composed of 30% garnet and 65% of pyroxene. Garnet is 
anhedral, rounded, clear, and slightly corroded at the borders. Pyroxene also occurs in the 
middle of previous larger crystals/agglomerates of garnet as mass of acicular crystals, rutile 
is present as an accessory phase.  
 44
 02 SAMPLES
117200-141   
This dark red/greenish fragment of the original sample showing an initial stage of layering 
is composed mainly by about 70% of millimetre sized garnet and 30% of smaller pyroxene. 
Garnet is dark red, anhedral, angular, fractured and slightly to moderately elongated 
towards the “layering”. It is associated with anhedral, angular, oxided amphibole which 
also seems to correspond to prismatic/linear inclusions in the garnet. Pyroxene is dark 
green, anhedral, angular, fractured but mostly clear (unaltered). It occurs filling the space 
between garnets, elongated according to the “layering” and show, locally, some areas with 
large amounts of small opaque material. There is not much evidence of secondary material 
between crystals.  
117200-144  
This light green and red fine equigranular fragment is composed by about 40% of dark red 
garnet and 60% of slightly yellowish green pyroxene. Garnet is anhedral, subangular, much 
fractured, 1 to 4 mm long. Macroscopically, the borders seem to be altered, showing a 
reddish tone, and corroded. The crystals are enveloped by opaque phases and elongated 
towards incipient layering and contain inclusions of pyroxene. 
Pyroxene is anhedral, subangular, slightly to moderately fractured. It shows a “dirty” aspect 
from large amounts of small opaque inclusions (suggesting lineaments). Large amounts of 
inclusions are frequent (garnet and possibly amphibole) and though the contacts between 
pyroxene grains are irregular, there is no secondary material within.  
2.2.2 OCEANIC SETTING 
Malaita, Solomon Islands 
Malaita (Solomon Islands) is well known for its suit of xenoliths present within a 34 Ma 
alnöite magmatism. The most important events related to this area prior to the extrusion 
of the alnöite host is the formation of the Ontong-Java Plateau by Cretaceous plumes 
(markedly at 122 and 90 Ma) and the subsequent subduction of the Pacific Plate beneath 
the Australian Plate (Petterson et al. 1997; Ishikawa et al. 2004). 
RG01  
The sample from Malaita was recovered from highly weathered alnöite host rock by Martin 
Menzies.  The sample is a rounded, hand-sized specimen of a dark green/red colour. 
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Minor weathering is visible as a thin interstitial coating of oxidised material/caliche on the 
surface. Macroscopically the sample is composed of ~ 55% garnet and ~ 45% 
clinopyroxene. The texture is coarse equigranular. Garnet is red, slightly rounded and 
subhedral and varies in length from 1 to 8 mm. The clear to green anhedral crystals of 
clinopyroxene are 2 to 10 mm long. Pyroxene also occurs as inclusions inside the garnet. 
Both clinopyroxene and garnet are fractured and surrounded, in part, by a mass of 
secondary minerals. Amphiboles and sulphides occur as minor, accessory phases along the 
grain boundaries of the main mineral phases and as inclusions in the garnet. 
Salt Lake Crater, Oahu, Hawaii 
Garnet pyroxenite lithologies are well known within the xenoliths of the Salt Lake Crater 
vent in Oahu, Hawaii (Bizimis et al. 2005). This vent is part of the outer zone of the 
Pleistocene to Holocene posterosional Honolulu Volcanic Series lavas that erupted over 
the Koolau tholeiite shield (Jackson & Wright 1970). These samples are part of the 
collection of Leslie Hale at the National Museum of Natural History.  
114762-1  
This sample corresponds to a slab showing decompression features (concentric structure).  
Garnet is orange-red, subrounded, crystalline to opaque, 2 to 5 mm, enveloped by 
submillimetre sized garnet. They are anhedral and fractured and show corrosion at the 
border while the smaller crystals are only slightly fractured.  
Pyroxene can reach over 2 cm in size and show exsolution to the naked eye, locally in a 
very advanced stage. It is anhedral, very fractured and shows corroded borders. Small mica 
plates and opaque phases occur as accessories.  
114694-17 
Very dark coloured fragment of the original sample. Garnets are caramel red, anhedral, 
subangular, fractured and up to 4 mm long. A second generation of garnets 
(porphyroblasts with micro-tectonic indications of rotation) are more rounded, red and 
show macroscopic large inclusions of opaque material. Pyroxene occurs as either smaller, 
anhedral, subrounded crystals or as larger porphyroblast enveloping opaque inclusions and 






Kakanui, New Zealand 
The Kakanui mineral breccia is part of the Oligocene Deborah Volcanic formation in the 
Tertiary alkali basalt province of East Otago, South Island, New Zealand (Dickey 1968; 
Reay & Sipiera 1987; Klemme 2004). It postdates the final stages of subduction of the 
Phoenix Plate and rifting of New Zealand from West Antartica (Bradshaw 1989 in Weaver 
et al. 1994). Weaver et al. (1994) suggest that this alkali Cenozoic magmatism at ca. 30 Ma 
represents reactivation of a mantle plume with a peak at about 100 Ma. These samples are 
part of the collection of Leslie Hale at the National Museum of Natural History. 
109647-7   
This sample comprises a dark black hand specimen, associated to xenoliths of carbonitite. 
It is formed by large crystals of amphibole (~ 40%), up to 5 mm long dark red garnet and 
submillimetric pyroxene.  
Amphibole is anhedral, subrounded, locally subangular. Some smaller crystals occur at the 
triple junction of the pyroxenes. Garnet is anhedral, corroded at the borders being 
altered/replaced by oxide material. When still crystalline, it is fractured and may contain 
inclusions (epidote). Pyroxene is subeuhedral to anhedral, subangular, slightly fractured.  
20271   
This sample corresponds to a small fragment about 3 cm in diameter, with rounded 
boarder showing a weathering surface. Orangish subrounded millimetric garnet (~ 30%) is 
enveloped by submillimetric, subangular amphibole (~ 15%). Garnets are very altered and 
show a coating of oxide. The remainder of the sample comprises sub-millimetre sized 
anhedral clinopyroxene. 
 








The major and minor element chemical composition of the main silicate phases is 
presented in this chapter. Whilst clinopyroxenes tend to show rims or zonation due to 
metasomatism, garnets are resistant to chemical change. Clinopyroxenes show considerable 
chemical heterogeneity while garnets are mostly homogenous. Consequently, the relict 
clinopyroxene cores and the garnets are used as a basis for classification. In very general 
terms, the oceanic localities studied are dominated by garnet-clinopyroxenites while the 
cratonic, craton-margin and off-craton localities contain both eclogites and garnet-
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3.1 INTRODUCTION 
Despite the present-day controversy around the petrogenesis of eclogites, the original 
definition of R. J. Haüy (1822) is still used today – i.e., a bimineralic rock containing pyrope 
garnet (Mg3Al2Si3O12) and omphacitic clinopyroxene [solid-solution between jadeite 
(NaAlSi2O6) and diopside  (Ca(Mg,Fe)Si2O6) (Best 2003)]. Eclogites are most common in 
cratonic (> 2.5 Ga) environments. Other garnet clinopyroxene rocks containing diopside-
hedenbergite-augite-ferroaugite pyroxenes are called garnet-clinopyroxenites. In contrast to 
eclogites these are most abundant in non-cratonic xenolith suites (Pearson et al. 2005).  
Besides garnet and clinopyroxenes, other phases may be present as accessory like quartz, 
kyanite, orthopyroxene, rutile and even coesite. However, plagioclase is absent in mantle 
suites. That happens as, at the higher pressures in which eclogites are formed (> 20 Kbar), 
AlIV gives way to more compact sixfold AlVI, stabilizing AlVI-coordinated phases like garnet 
and jadeitic pyroxene, which are the recipients of elements such as Ca, Na, K and Al from 
less stable AlIV-coordinated feldspars (Best 2003). In the presence of kyanite and garnets 
with high grospydite end member contents the rock is named grospydite (Sobolev et al. 
1968; Schulze 2003). Alternatively, orthopyroxene may be present in considerable amounts 
and this pyroxenite is then named websterite. This differs from olivine-websterites and 
peridotites by the olivine content (between 5 and 40% and over 40% olivine, respectively). 
These garnet-pyroxenites are not restricted to geographic location and also show basaltic 
bulk composition (Pearson et al. 2005). 
Many attempts have been made at different classification schemes to distinguish between 
mantle xenolith suites (e.g., Gurney 1984; Coleman et al. 1965; MacGregor & Carter 1970). 
Garnet has proved to be a useful basis for classification as it occurs in eclogites, 
pyroxenites and peridotites – rocks that comprise most of the upper mantle. However, 
these classification schemes were defined on a restricted number of samples, and, as such, 
require revision. Recently, Schulze (2003) suggested a new classification scheme for garnets 
based on 2000 kimberlite-borne xenoliths and more than 600 crustal rocks. The 
classification is based on the variation of Mg, Fe, Ca, Cr, Ti and Na contents which allows 
for a first-order “crustal” and “mantle” types. Mantle garnets are then further subdivided 
into eclogite, peridotite and Cr-poor megacryst groups. Peridotite garnets are classified as 
harzburgitic, lherzolitic or wherlitic.  For eclogites, Ca-rich samples are classified as 
grospydites and the remaining eclogitic garnets are classified according to the scheme of 
Coleman et al. (1965). However the original compositional breaks of Coleman et al. (1965) 
(i.e., A, B and C) appear to have no petrogenetic significance. Finally, the classification of 
 
49
 03 MINERAL CHEMISTRY
Gurney (1984) is based on Na2O content and defines groups I and II eclogites. This has 
been used extensively for diamond exploration (Schulze 2003; Barron & Barron 2005).  
In most eclogite classification schemes (e.g., Coleman et al. 1965) there is no consideration 
of garnet pyroxenites. Schulze (2003) argues that such rocks have different petrogenesis 
and that garnet pyroxenites are either: 
(a) metamorphic heterogeneities within peridotites (i.e., garnet-pyroxene rich parts);  
(b) derivatives of peridotites caused by reaction with melts; or  
(c) derivatives of silicate melts and as such closer to megacrysts in composition.  
Using a plot of molecular percent jadeite (Jd) and Ca-Tschermak (CaTs) components for a 
range of different localities, Pearson et al. (2005) showed that clinopyroxenes from 
eclogites are distinct from those in garnet clinopyroxenites xenoliths and massif/orogenic 
peridotites. The garnet clinopyroxenite suites correlate well to experimental high pressure 
liquidus pyroxene and show lower Jd and higher CaTs components. This is a direct result 
of the fact that, beginning at mid-crustal pressures, tetrahedrally coordinated Al and Si are 
converted into a denser packing with higher coordination which is well accommodated in 
pyroxenes by the Mg-Tschermak (MgTs),  MgAlVI(AlIVSi)O6, and Ca-Tschermak (CaTs), 
CaAlVI(AlIVSi)O6 end members (Best 2003). 
However, while the calculation of end members in phases like garnet is straight forward, 
the same cannot be said for pyroxenes. Many methods have been devised for the 
calculation of end member compositions, some by applying small differentiations to 
previously existent methods in order to make it more adequate to determined rock types 
(e.g., Putirka et al. 2003 for Neogene lavas in Tibet and Katayama et al. 2000 for eclogites 
in ultra high pressure suites – UHP). As stated by Gómez (1990), they correspond mostly 
to sequential schemes which, by establishing different calculation sequences, lead to an 
overestimation of the first component calculated. Even the algebraic method with 
independent calculations of Dietrich & Petrekakis (1986) has been contested by Lindsley 
(1986) in terms of the number of calculated end members.  Most of the problem arises 
from assumptions that are made to establish which end members are actually present. For 
example, Putirka et al. (2003) require correct stoichiometry and that the sum of the cations 
on the basis of 6 oxygens reaches 4. Some error is inherent from the microprobe analyses, 
which is increased further by the different calculation methods used to estimate the Fe3+ 
content since Fe is reported as Fetotal from the analyses. Still, there are other reasons for the 
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incomplete stoichiometry. Smyth (1980) demonstrated that supersilicic clinopyroxene 
[(Si+Ti-2Na) > (Ca+Mg+Fe2++Mn+Ni)] from Roberts Victor are better reconciled with 
stoichiometry by allowing a percentage of the Ca-Eskola end-member of Vogel (1966), 
which represents a vacancy in the M2 site, stable at pressures over 3 GPa. Since then, this 
end-member has been reported for different localities (e.g., Katayama et al. 2000; Zhang et 
al. 2002; Zhang et al. 2003). 
In the end, despite all care taken with the evaluation of the many of the variables, there is 
usually no explanation of the terms used by different authors in the literature. A straight 
comparison among the available data might lead to interesting and, at first, consistent 
results, but this is fundamentally weakened by the uncertainty in the procedures adopted by 
different authors. Consequently, in this chapter this conventional approach will be avoided 
because similar information can be derived from the investigation of mineral chemical data, 
thermobarometry (Chapter 05) and partition coefficient/original melts (Chapter 06). 
The evaluation of the mineral chemistry of mantle xenoliths becomes more complex at 
increasing depths. The addition of majorite, the high-pressure (~ 12 to 26 GPa) solid-
solution between garnet and pyroxene is represented by progressive enrichment in Si4+ = 3 
per formula unit (pfu) on the basis of 12 oxygen and clinopyroxene, to Si4+ = 4 (e.g., 
Collerson et al. 2000; Tappert et al. 2005). This results from the progressive replacement of 
Al by Si and the enrichment in Ca2+, Mg2+, Fe2+ and Na+ evident as a good correlation 
between Si4+ and Al + Cr (Collerson et al. 2000). Majoritic garnets have been found in a 
variety of locations (e.g., Malaita, Solomon Islands – Collerson et al. 2000) and as 
inclusions in diamonds (e.g., Jagersfontein kimberlite, South Africa, Tappert et al. 2005). 
Most are found in eclogitic assemblages with Cr2O3 > 1.0 wt% and Mg# < 80 (Stachel 
2001 in Tappert et al. 2005). Although pyroxenes with Tschermak substitution (Al + Al = 
Si + M2+) could be mistaken for majoritic garnet, the distinction is easily made in terms of 
the isotropic properties of garnets (Collerson et al. 2000).  
This chapter will deal with an evaluation of the major element mineral chemistry of each 
sample and comparison with the data available in literature. The bulk major element 
compositions are more pertinent to the discussion of the origin of these rocks and will be 
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3.2 DATA 
Mineral data is presented below in terms of wt% of oxides and 1 sd. The data for 
pyroxenes is listed in table B.1 in Appendix B. The Si4+ content is listed per formula unit (pfu) 
recalculated to 12 oxygen and the data is presented in table B.2. Garnet data is listed in 




Clinopyroxene in this sample is a very homogeneous alumunian sodian augite for both 
individual crystals and two clinopyroxene inclusions in garnet (fig. 3.1, Appendix B table 
B.1).  
The clinopyroxenes are characterised by high Na2O (1.84 ± 0.04), Al2O3 (5.17 ± 0.06), and 
FeO (5.52 ± 0.08) and Mg# of 85.25 ± 0.16 and show little or no spread on the Quad-Jd-
Ae ternary plot. Orthopyroxene (inclusions in garnet) is aluminian enstatite with 3.62 ± 
0.02 wt% Al2O3, higher FeO (8.34 ± 0.15) and similar Mg# (86.79 ± 0.24) (fig. 3.1, table 
B.1).  Both cpx and opx show stoichiometric ratios lower than the 4 Si4+ pfu of ideal 
pyroxenes (3.820 ± 0.017 and 3.758 ± 0.004, respectively, fig. 3.3, table B.3). 
GARNET 
Garnet is very homogeneous, showing high FeO (9.312 ± 0.154), high MgO (20.192 ± 
0.295) and low CaO (4.662 ± 0.074) and Cr2O3 (0.516 ± 0.022) (table B.2). In the ternary 
Gr-Py-Al plot, the analyses, average py72.9gr7.3al14.4an3.3uv1.5sp0.57 (fig. 3.2). Garnets 
show good stoichiometric relations, with Si4+ equal to 2.969 ± 0.021 pfu (table B.3). This 
lack of displacement from the ideal stoichiometry is similar to some garnets from Malaita 
studied by Collerson et al. (2000) but distinct from those which show a majorite 
component represented by over 3.2 Si4+ pfu.  
The scheme of Schulze (2003) yielded different classifications (i.e., megacryst or Group A 
eclogites) because of the TiO2 content (0.499 ± 0.017), which coincides with the 
classification boundary at TiO2 = 0.50 wt%. The same happens for the classification as 
group I or II eclogites as the threshold for this classification (0.07 wt% Na2O) lies within 
the range of Na2O content in these samples (0.045 ± 0.020) (table B.2). 
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CLASSIFICATION - Despite the pyrope-rich composition of the garnet, this sample should 




Clinopyroxene has a homogeneous composition, with high Al2O3 (6.92 ± 0.30), high Na2O 
(1.83 ± 0.10) and high TiO2 (1.17 ± 0.10). MgO, FeO are, respectively, 13.33 ± 0.24, 6.97 
± 0.08 and the Mg# is lower, 77.32 ± 0.28 (table B.1). These clinopyroxenes plot 
uniformly on the Wo-En-Fs ternary plot on the aluminian sodian augite field. 
Stoichiometrically, this phase shows a relatively strong displacement from the ideal 
formula, with 3.761 ± 0.017 Si4+ pfu (fig. 3.3, table B.3).  
GARNET 
In the Gr-Py-Al ternary plot, garnet shows no variation (fig. 3.2), averaging 
py54.2al31.1gr12.7sp1.0an0.8uv0.2 (table B.2). The garnet is rich in FeO (16.416 ± 0.149) and 
depleted in MgO (14.695 ± 0.175), with Mg# of 61.47 ± 0.30. All analyses yield a 
classification as eclogite, Group II B due to low Cr2O3 (0.066 ± 0.44), low Mg# and low 
Na2O (0.031 ± 0.015) (table B.2). TiO2 is also low (0.249 ± 0.024) and the Si4 content is 
near the ideal value (3.043 ± 0.013, table B.3) clustering at the garnet end-member of the 
majorite vector (fig. 3.3). 
AMPHIBOLE 
The sample also contains members of the calcic amphibole series (hornblende sensu lato), 
varying from titanian-(subcalcic-)pargasite to titanian-subcalcic-magnesio-hastingsite (CaO 
= 9.82 ± 0.10, table B.4). Compared to the hornblende end-member, this represents 
enrichment in Mg, Fe and Na, with Mg# of 71.83 ± 0.22, which is similar to those of 
gabbros (~ 0.75, Deer et al. 1992). They show slightly high TiO2 (4.53 ± 0.11) and low 
K2O (0.95 ± 0.03). According to Deer et al. (1992), they are a common result of retrograde 
metamorphism of omphacite in eclogites.  
CLASSIFICATION - Although the composition of amphibole is characteristic of retrograde 
metamorphism of omphacite (Deer et al. 1992), this is not believed to be the constituent 
clinopyroxene, but instead a very homogeneous augite. However, augite does form a solid 
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solution with omphacite (Deer et al. 1992). Also, garnet shows the order of end-members 
that is expected for eclogites (Sobolev 1974) (i.e., pyrope > almandine > grossular). For the 
moment, this rock will be classified as a garnet-clinopyroxenite, keeping in mind that it may 
represent a metasomatised residue of an original eclogitic protolith (see discussion).  
20271 
PYROXENE 
Clinopyroxenes in this rock have two different compositions (table B.1): the omphacitic 
relict core is surrounded by a rim of aluminian augite. The omphacite is very homogeneous 
while the aluminian augite shows a slight spread in the ternary classification diagrams (fig. 
3.1). The transition is represented by lower Al2O3 in the rim (4.14 ± 0.94 and 7.99 ± 0.20 
for the augite and the omphacite, respectively), lower Na2O (0.70 ± 0.09 and 2.89 ± 0.05), 
slightly higher FeO (8.31 ± 0.46 and 6.90 ± 0.18), MgO (14.99 ± 0.49 and 11.82 ± 0.19) 
and CaO (18.27 ± 0.61 and 15.98 ± 0.25). Both phases have similar Mg# (76.27 ± 1.26 and 
75.33 ± 0.49) and TiO2 content (1.51 ± 0.27 and 1.30 ± 0.05). 
The depletion in Al from the core to the rim is also represented in the Si4+ x (Al + Cr) plot 
(fig. 3.3, table B.3). While both phases show displacement from the ideal pyroxene formula, 
the higher (Al + Cr) content in the omphacite (0.703 ± 0.016 against the 0.365 ± 0.080 
content in the augite) may represent some Tschermak substitution with the introduction of 
Al at higher pressures (e.g., Collerson et al. 2000). 
GARNET 
These garnets are very interesting as they show a high Si4+ content, 3.306 ± 0.025 (table 
B.4, fig. 3.3), indicative of majoritic garnet, although they still show the optical features 
inherent to garnets, e.g., isotropic. The suggestion of a majorite component in this sample 
but not in sample 109647-7 is not an issue as it has been mentioned in Chapter 02 
(Samples) that an advantage of the study of xenoliths is that they are representatives of a 
much greater depth range than massifs (Pearson et al. 2005). Additional evidence of the 
deeper origin of this sample is provided in Chapter 05 (Thermobarometry).  In the ternary 
plot (fig. 3.2) the garnet contains no almandine and only a small amount of pyrope and 
grossular, averaging py69.5gr22.7an7.2sp0.36uv0.2al0.0. This compositional range represents a 
small variation in MgO (12.145 ± 0.299) and FeO (10.217 ± 0.433) that cannot be ascribed 
to crystal zonation (table B.2). The classification of Schulze (2003) points to chemical 
similarities with eclogites “Group I”, due to a high Na2O content (8.678 ± 0.089), and B 
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(average Mg/Mg+Ca+Fe). These majorite garnets are also high in TiO2 (5.398 ± 0.165) 
and show no Cr2O3 (table B.2).  
CLASSIFICATION - Although the clinopyroxene present in this sample is omphacitic, the 
properties of the garnet tend to make classification difficult. The garnet is moderately 
majoritic and shows no almandine end-member. This may represent a high pressure 
equivalent of an eclogitic composition, and so it will be for now considered as a majorite-




The clinopyroxene present in this sample is quite homogeneous plotting on the limits of 
the diopside and augite fields in the ternary diagram (fig. 3.1). It is high in Al2O3 (6.98 ± 
0.91) and Na2O (1.76 ± 0.07), thus being classified as aluminian sodian diopside and 
aluminian sodian augite (table B.1).  Pyroxene is also high in CaO (19.14 ± 0.21) and Ti2O 
(0.95 ± 0.07), with Mg# of 81.09 ± 0.77. The Si4+ content shows a spread from 3.679 to 
3.842 pfu, averaging 3.753 ± 0.044 (fig. 3.3, table B.3). This variation cannot be related to 
zoning in the clinopyroxene but it is still significant in that it suggests a majorite 
component.  
Orthopyroxene is aluminian enstatite showing little variation on the ternary diagram (fig. 
3.3), due to a small variation in FeO (11.28 ± 0.42) and MgO (28.93 ± 0.57). As for the 
clinopyroxenes, the Si4+ shows similar variation, averaging 3.712 ± 0.042. 
GARNET 
These garnets are very homogeneous plotting uniformly on the ternary diagram (fig. 3.2, 
table B.2) averaging py63.3al22.7gr11.0an1.7sp0.8uv0.5. These can be classified as eclogite Group I 
A due to the high MgO (17.618 ± 0.859) over low CaO (5.114 ± 0.583) and FeO (12.921 ± 
0.251), low NaO (0.024 ± 0.015), and low TiO2 (0.225 ± 0.019). The stoichiometry 
resembles the ideal garnet with average Si4+ of 3.032 ± 0.016 and (Al + Cr) of 1.919 ± 
0.052. 
CLASSIFICATION - Due to the compositional parameters of pyroxene this sample is 
classified as a garnet-clinopyroxenite.  
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11694-17 
PYROXENE 
The composition of clinopyroxenes is similar to the previous sample as they have high 
Na2O (1.95 ± 0.08) and Al2O3 (6.70 ± 0.61) (table B.1) with Mg# of 82.04 ± 0.55 and high 
CaO (18.98 ± 0.18) and TiO2 (0.97 ± 0.05) and Si4+ ranging from 3.703 to 3.816 pfu, 
averaging 3.785 ± 0.035 (fig. 3.3, table B.3).  They plot uniformly on the division between 
augite and diopside in the ternary diagram (fig. 3.1), and can be classified as aluminian 
sodian augite and aluminian sodian diopside,  
The orthopyroxene is aluminian enstatite (fig. 3.1, table B.1), although it actually shows no 
deviation in the ternary plot, and so averaging FeO = 10.51 ± 0.13, MgO = 29.33 ± 0.27, a 
Mg# of 83.25 ± 0.17 and low values for Al2O3 (4.74 ± 0.44) and TiO2 (0.23 ± 0.03). The 
Si4+ spreads from 3.697 to 3.752 averaging 3.726 ± 0.022 while the (Al + Cr) averages 
0.397 ± 0.038 (fig. 3.3, table B.3). 
GARNET 
Garnet is also very similar to the one present in sample 114762-1, plotting precisely at 
py63.7al22.6gr11.6sp0.8an0.7uv0.6 (fig. 3.2, table B.2) and yielding a classification as eclogite from 
Group II A. This represents high MgO (17.54 ± 0.348), low CaO (4.940 ± 0.111) and low 
Na2O (0.040 ± 0.023). Also, the TiO2 content is low (0.23 ± 0.027). As in the previous 
sample, this phase also presents stoichiometric relations similar to those of an ideal garnet 
(Si4+ = 3.048 ± 0.024 and Al + Cr = 1.926 ± 0.017, fig. 3.2, table B.2). 
CLASSIFICATION - This sample is a garnet-clinopyroxenite, on the basis of pyroxene 
composition  
3.2.4 CHINO VALLEY 
13-91-5 
PYROXENE 
These pyroxenes are very homogeneous and plot uniformly in the ternary Wo-En-Fs 
diagram (fig. 3.1). They are high in FeO content (5.18 ± 0.28, table B.1), and have a ferrian 
diopside composition. They also show high MgO (15.10 ± 0.14) and CaO (22.50 ± 0.46) 
but low Al2O3 (1.58 ± 0.20) and Na2O (1.02 ± 0.08) and no TiO2 nor Cr2O3 (table B.1). 
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They are only slightly depleted in Si4+, yielding an average of 3.857 ± 0.016 for average Al 
+ Cr of 0.152 ± 0.018 pfu. 
GARNET 
The composition of the garnets is quite homogeneous in the ternary Gr-Py-Al diagram (fig. 
3.2), except for higher almandine end-member content averaging 
al43.9py38.9gr12.0an3.0sp1.5uv0.7 (table B.2). This is representative of a lower MgO content 
(9.920 ± 0.357) and higher FeO (22.350 ± 0.414), since the almandine end-member is 
constrained by Fe2+, which results in a low Mg# of 44.16 ± 1.321. The garnets are 
classified as eclogites Group II B, due to the low Na2O content (0.020 ± 0.018).  They also 
show low TiO2 (0.040 ± 0.015) and Cr2O3 (0.210 ± 0.032). The stoichiometric 
configuration resembles the ideal garnet with Si4+ of 2.948 ± 0.015 and Al + Cr of 1.982 ± 
0.011 (fig. 3.3, table B.3).  
CLASSIFICATION - The composition of the phases suggests classification as a garnet-
clinopyroxenite, containing almandine-rich garnet and non-omphacitic clinopyroxene. 
12-97-100 
PYROXENE 
The composition of the pyroxenes is complicated by the high contents of Ca and Al (see 
also Rapprich 2005). While one of the analyses is a magnesian jadeite (fig. 3.1, table B.1), 
the remaining analyses plot slightly over the 2.0 J x Q line (Morimoto 1989). These samples 
may be classified as omphacite with a continual range toward the jadeitic composition. This 
range in the ternary Q-Jd-Ae diagram occurs along the Jd axis, representing mostly a 
variation in the Al2O3 from 12.46 to 16.68 and Na2O from 10.43 to 12.89 and MgO from 
2.89 to 5.60 with a low Mg# of 57.55 ± 4.05 (table B.1). Cr2O3 and TiO2 are very low (≤ 
0.1 wt%). The high Al content is also represented in the high Al + Cr values (1.306 ± 
0.103) against perfectly stoichiometric Si4+ content (4.089 ± 0.026, fig. 3.3, table B.3), 
which might represent a strong Tschermak substitution at high pressures.  
GARNET 
When plotted in the ternary diagram, the garnets show a strong almandine content with 
some spread along the grossular axis (fig. 3.3). While the average composition is 
al62.8py20.3gr13.9sp2.2an0.5uv0.1 (table B.3), the spread represents variation in the grossular end-
member, CaO, from 2.750 to 6.940, as well as some variation in the FeO content from 
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27.720 to 30.140, (Appendix B table B.3). The high FeO and low MgO (5.12 ± 1.178) yield 
a very low Mg# of 24.04 ± 4.83. TiO2 and Na2O are lower than 0.1 wt%. While all samples 
fall within the group of crustal garnets due to the low concentrations of Ca over Mg and 
Fe, the formula shows ideal stoichiometric ratios with Si4+ at 2.991 ± 0.014  and Al + Cr at 
1.994 ± 0.008. 
CLASSIFICATION - All the mineral chemistry in this sample differs from the accepted for 
eclogites, and so this rock is a garnet-clinopyroxenite.  
117200-144 
PYROXENE 
These clinopyroxenes have a homogeneous composition plotting on the ternary Wo-En-Fs 
diagram as diopside (fig. 3.1) with the prefix alumian sodian- and aluminian ferrian sodian 
for the excess in Al2O3 (3.24 ± 0.33), FeO (4.36 ± 0.11) and Na2O (1.76 ± 0.17) – table 
B.1. The pyroxenes have high Mg# (86.51 ± 0.35) and CaO (21.71 ± 0.35) and low TiO2 
(< 0.1 wt%) with a deficiency in Si4+ (3.900 ± 0.023) and displacement from the majorite 
vector in terms of Al + Cr pfu (fig. 3.3, table B.3).  
GARNET 
Garnet shows little compositional variation along the pyrope axis in the Gr-Py-Al ternary 
diagram (fig. 3.2), mostly because of variation in the MgO content (from 10.43 to 
12.75table B.2). The low MgO and high FeO (19.303 ± 0.678) contribute to a low Mg# of 
50.75 ± 2.68. The CaO content (8.41 ± 0.55) is sufficient to provide an average of 
py41.1al35.6gr17.9an3.6sp1.0uv0.7. The garnets have very low TiO2 and Na2O with a classification 
as Group II B eclogites. A rim of alteration envelops the garnets, resulting in higher SiO2 
(42.00 ± 1.13), lower FeO (12.58 ± 3.059) and MgO (8.58 ± 2.242) and a wider variation in 
Al2O3 (23.03 ± 1.430) and CaO (9.80 ± 1.067). The main garnet phase shows excellent 
stoichiometry with Si4+ = 2.977 ± 0.006 and Al + Cr = 1.937 ± 0.008 (fig. 3.2, table B.2). 
CLASSIFICATION - This rock represents a garnet-clinopyroxenite, mostly because of the 
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117200-141 
PYROXENE 
This sample contains two clinopyroxenes (fig. 3.1, table B.1): omphacite and aluminian 
sodian diopside. Omphacite is enriched in SiO2 when compared to the diopside (55.52 ± 
0.29 and 53.08 ± 0.66) as well as Na2O (3.95 ± 0.05 and 1.98 ± 0.11) and depleted in CaO 
(17.72 ± 0.22 and 20.08 ± 0.11) and MgO (10.89 ± 0.30 and 12.23 ± 0.77). While 
omphacite shows ideal Si4+ (4.023 ± 0.011), it is high in Al + Cr (0.658 ± 0.008). The 
diopside has similar values of Al + Cr (0.579 ± 0.188) but it shows a range of Si4+ towards 
lower Si4+ (3.865 ± 0.048). Possibly, the high Al + Cr pfu in the omphacite represents 
Tschermak substitution at higher pressures.  
GARNET 
The garnet has a homogeneous composition, averaging al39.6py36.2gr22.2sp0.9an0.7uv0.3 (fig. 3.2, 
table B.2). The high almandine content is a result of high FeO (19.83 ± 0.16) and lower 
MgO (9.66 ± 0.38). Garnet has low Cr2O3 with even lower TiO2 and Na2O and represents 
a Group II B eclogite. It shows excellent stoichiometric relations: Si4+ = 3.037 ± 0.010 and 
Al + Cr = 1.943 ± 0.016. 
CLASSIFICATION - Despite the presence of omphacite, the second clinopyroxene 
(aluminian sodian diopside) and high almandine content of the garnet suggest a 




The clinopyroxene in this sample has two different chemical compositions. The first is 
omphacitic pyroxene found as relict unaltered cores and is mostly invariant in the ternary 
Q-Jd-Ae diagram (fig. 3.1, table B.1). The second is alumian (sodian) diopside found in the 
rim of the pyroxenes. The transition from omphacite to diopside results in no change to 
the silica content (SiO2 = 55.16 ± 0.62 and 54.17 ± 0.59, respectively), but in lower Al2O3 
(6.86 ± 0.18 and 4.51 ± 1.20), Na2O (3.33 ± 0.09 and 1.76 ± 0.48) and higher FeO (4.00 ± 
0.08 and 5.16 ± 0.81) and MgO (11.31 ± 0.23 and 13.11 ± 0.68). The diopside also shows 
higher variation in terms of CaO (18.64 ± 0.22 and 20.99 ± 1.17), but the displacement 
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along the diopside field (fig. 3.1) is mostly a result of the larger variation in Mg# (83.42 ± 
0.39 and 81.89 ± 3.12). These variations are reflected in the Si4+ x (Al + Cr) diagram: 
omphacite has very little more Si4+ pfu (4.020 ± 0.014 and 3.933 ± 0.043) but diopside has 
much higher and uniform Al + Cr (0.598 ± 0.017 and 0.394 ± 0.106, fig. 3.2, table B.2). 
GARNET 
The garnets have a homogeneous composition in terms of the ternary Gr-Py-Al plot, 
averaging py35.7al35.0gr28.2sp0.7an0.3uv0.2 (fig. 3.3, table B.3). FeO is high (17.25 ± 0.18) and 
MgO is low (9.48 ± 0.12), yielding a low Mg# (49.39 ± 0.54). CaO is 10.55 ± 0.12 and 
there is little Cr2O3 (0.057 ± 0.022), TiO2 (0.062 ± 0.027) and Na2O (0.023 ± 0.024). These 
garnets resemble the garnets in Group II B eclogites, except for one analysis with Na 
slightly higher than 0.07 wt%, which is a characteristic of group I eclogites (table B.3). The 
variation in silica is also represented in the cations plot but while Si4+ spreads around the 
ideal number of 3 cations pfu, Al + Cr is constant at 1.979 ± 0.036 (fig. 3.2, table B.2). 
CLASSIFICATION - Despite the presence of diopside in this rock, which is restricted to the 
rims of clinopyroxene, omphacitic pyroxene supports the classification as eclogite. 
JAR 42313 
PYROXENE 
Clinopyroxene shows core to rim compositional variation (fig. 3.1, table B.1). While the 
core is omphacitic and varies toward jadeitic compositions, the rim is a jadeitic pyroxene. 
The first difference between these two compositions is in the total of the analyses: the 
altered material shows a lower sum when compared to the relict nucleus (around 94.80% 
and 99.41%). The rim is higher in SiO2 (58.72 ± 1.14 against 53.59 ± 0.66), Al2O3 (22.21 ± 
0.88 and 10.23 ± 0.30) and Na2O (9.44 ± 0.37 and 4.90 ± 0.23) but depleted in FeO (0.13 
± 0.03 and 2.12 ± 0.15), CaO (3.85 ± 1.11 and 16.27 ± 0.21). MgO decreases from the 
core (12.10 ± 0.26) to the rim (0.08 ± 0.04), resulting in a much lower Mg# (from 91.00 ± 
0.41 to 49.04 ± 18.22). None of the pyroxenes show any appreciable content of Cr2O3 or 
TiO2. The lower oxide total for the rim may represent the formation of amphibole.  This 
process is also represented in the cations plot as the Si4+ content in omphacite clusters 
around 3.930 ± 0.019 with high Al + Cr values (0.895 ± 0.030) while the altered material 
has a more variable Si4+ content (3.938 ± 0.092) and much higher Al + Cr (0.083, fig. 3.2, 
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Garnet is homogeneous, averages py59.0al20.3gr15.6an4.0sp0.9uv0.2 (fig. 3.3, table B.3) and 
resembles both groups II A and II B eclogites (table B.3). That is a result of 13.58 ± 0.22 
FeO, 16.18 ± 0.24 MgO, yielding a low Mg# of 67.99 ± 0.27, and 7.56 ± 0.28 CaO and 
practically no Na2O nor TiO2. Stoichiometrically this garnet strongly resembles the ideal 
formulation (Si4+ = 2.924 ± 0.012 and Al + Cr = 1.987 ± 0.011). 
CLASSIFICATION - This sample cannot be named a grospydite as its garnet is too pyrope-
rich; it will be classified as a kyanite eclogite.    
RDK1 
PYROXENE 
The clinopyroxene is mostly aluminian sodian diopside with a compositional trend parallel 
to the Fs axis in the ternary Wo-En-Fs diagram (fig. 3.1, table B.1). This trend continues 
down towards the omphacite field in the Q-Jd-Ae diagram. The trend represents variation 
in CaO (from 18.82 to 21.06, averaging 20.07 ± 0.55), MgO (12.58 to 14.25, 13.36 ± 0.53) 
and FeO (3.92 to 4.85, 4.34 ± 0.33), which cannot be systematically attributed to zonation 
within the crystals. The Mg# averages 84.55 ± 1.45, Na2O is present in 2.43 ± 0.17 and 
TiO2 and Cr2O3 are low (0.12 ± 0.03 and 0.15 ± 0.02). Si4+ ranges from 3.921 to 4.014 and 
the Al + Cr range from 0.299 to 0.459 (fig. 3.2, table B.2).  
GARNET 
Garnet tends to be very homogeneous, averaging py50.0al35.8gr11.3an1.6sp0.7uv0.5 and 
representing Group II B eclogites (fig. 3.3, table B.3). It has a low Mg# (55.93 ± 1.32) as 
FeO = 18.73 ± 1.07 and MgO = 13.34 ± 0.09. CaO is 4.98 ± 0.31 and Al2O3 is 22.72 ± 
0.29. TiO2 and Na2O are very low (0.04 ± 0.02 and 0.03 ± 0.02) and Cr2O3 is 0.17 ± 0.01. 
Si4+ clusters around 2.961 ± 0.038 and Al + Cr = 2.002 ± 0.015. 
CLASSIFICATION - Different from the previous samples from this locality, pyroxene is not 
omphacite and so the rock is a garnet-clinopyroxenite, possibly a retrograde eclogite. 
RDK2 
PYROXENE 
All clinopyroxene in this sample is aluminian sodian diopside (fig. 3.1, table B.1), 
homogeneous and averaging 2.88 ± 0.09 FeO, 13.72 ± 0.32 MgO, 89.45 ± 0.42 Mg#, 4.33 
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± 0.20 Al2O3 and 20.73 ± 0.23 CaO. TiO2 is 0.10 ± 0.02, Na2O is 2.28 ± 0.12 and Cr2O3 is 
0.16 ± 0.02. The amount of Si4+ and Al + Cr in the formula is homogeneous, with ideal 
Si4+ and higher Al + Cr (4.001 ± 0.017 and 0.388 ± 0.018, fig. 3.2, table B.2). 
GARNET 
Garnet does not show much compositional variation, averaging py56.1al26.5gr14.9an1.6sp0.6uv0.5 
(fig. 3.3, table B.3). The compositions are similar to garnets in eclogites from both groups 
A and B, and only one of the samples has Na2O higher than 0.07 (Group I). One of the 
garnets shows a rim of altered material. From the core to the rim the difference is 
represented by a decrease in the total sum, lower SiO2 (41.01 ± 0.79 core, 33.35 ± 1.03 
rim), Al2O3 (23.13 ± 0.11, 17.38 ± 0.28) and CaO (6.45 ± 0.07, 1.82 ± 0.06), slightly higher 
FeO (14.29 ± 0.16, 16.33 ± 0.08) and MgO (15.41 ± 0.15, 17.70 ± 0.08) but similar Mg# 
(65.78 ± 0.19, 65.89 ± 0.01) and Cr2O3 (0.16 ± 0.02 for both). There is no significant TiO2 
in either the core (0.03 ± 0.02) or the rim (0.06 ± 0.02). The resulting chemical formula 
approaches the ideal one with average 2.975 ± 0.029 Si4+ and 1.989 ± 0.016 Al + Cr pfu.  




Clinopyroxene shows a continuous range of compositions from omphacite to augite and 
diopside with excess of aluminium, sodium and/or iron (fig. 3.1, table B.1) but there is no 
systematic correlation to zonation in the crystal or to alteration. This variation reflects the 
deviation in concentration of Al2O3 (from 3.60 to 6.18), MgO (14.06 to 17.47), CaO (19.37 
to 22.13) and Na2O (1.02 to 3.17). FeO averages 3.26 ± 0.24 and Cr2O3, 0.14 ± 0.03. TiO2 
is also variable, from 0.09 to 1.74. Still, the altered material is easily differentiated from the 
core in terms of the Si4+ present in the formula. The altered material shows greater 
variation in composition and a lower average Si4+ (3.741 ± 0.085) than the cores (3.859 ± 
0.033). However, there is no distinction in terms of Al + Cr (0.460 ± 0.094 and 0.436 ± 
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GARNET 
Garnet shows some compositional variation with an average of py55.7al24.7gr14.7an4.1sp0.6uv0.3 
(fig. 3.3, table B.3), though all garnet analyses resemble garnets in Group II B eclogites 
according to the classification scheme of Schulze (2003). That results in an average of 15.36 
± 0.23 FeO, 15.10 ± 0.75 MgO, 7.20 ± 0.32 CaO and 22.98 ± 0.21 Al2O3. TiO2 and Cr2O3 
are around 0.09 ± 0.06 and 0.11 ± 0.03, respectively. Two analyses from the altered rims 
yield a much lower oxide total, mainly due to much lower SiO2 (from 40.55 ± 0.73 to 27.48 
± 2.57), but also lower Al2O3 14.14 ± 3.72. FeO, MgO, Mg# and CaO show a much wider 
variation as well. In terms of the stoichiometry, the Al + Cr content is homogeneous and 
similar to the expected, but Si4+ content pfu varies from 2.863 to 3.017. 
CLASSIFICATION - Despite the presence of omphacite, the composition of pyroxenes varies 




Clinopyroxene in this sample is omphacitic and shows very little variation, mostly with 
regard to aegerine content (fig. 3.1, table B.1). FeO and MgO are low (3.01 ± 0.06 and 
10.02 ± 0.18) but yield a relatively high Mg# (85.56 ± 0.44). CaO is 16.63 ± 0.11 and 
Al2O3 is 9.39 ± 0.10. TiO2 and Cr2O3 are low (0.19 ± 0.02 and 0.07 ± 0.02) and Na2O is 
4.42 ± 0.11. They are slightly high in Si4+ and high in Al + Cr, clustering around 4.053 ± 
0.010 and 0.821 ± 0.009 (fig. 3.2, table B.2). 
GARNET 
Garnet is extremely homogeneous and averages py37.8al31.7gr29.5sp0.8uv0.2an0.0 (fig. 3.3, table 
B.3). It has a low Mg# (53.75 ± 0.42) with FeO = 15.28 ± 0.12 and MgO = 10.09. CaO is 
11.04 ± 0.11 and Al2O3 is 22.46 ± 0.12 while TiO2 (0.05 ± 0.02) and Cr2O3 (0.06 ± 0.02) 
and Na2O is absent. This composition yields a classification as Group II B eclogite. Si4+ is 
slightly higher than expected (3.041 ± 0.014) and Al + Cr approaches 2 (1.964 ± 0.013, fig. 
3.2, table B.2).  
CLASSIFICATION - The composition of garnet and clinopyroxene in this sample points to a 
classification as an eclogite.  
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JAR 20263 
PYROXENE 
Clinopyroxene comprises relict cores within altered material. Except for one analyses of 
aluminian sodian wollastonite, all analyses plot within the omphacite field. The relict cores 
plot uniformly in the ternary diagram (fig. 3.3, table B.3) with low MgO (9.65 ± 0.25) and 
FeO (3.42 ± 0.10) but with a slightly high Mg# (83.42 ± 0.49). Al2O3 is 9.94 ± 0.49, CaO is 
16.06 ± 0.34 and Na2O is 4.90 ± 0.14 and there is little TiO2 (0.19 ± 0.03) and Cr2O3 (0.07 
± 0.01). The altered material has little more MgO (11.18 ± 0.37), more CaO (18.75 ± 0.35) 
and less Na2O (3.13 ± 0.29), but mostly show higher variation in most of the oxides, which 
is reflected in the ternary Q-Jd-Ae diagram. The core shows some variation in Si4+ (4.018 ± 
0.035) and also Al + Cr (0.885 ± 0.047), but core to rim variations are greater (3.936 ± 
0.068 Si4+ and 0.658 ± 0.193 Al + Cr pfu, fig. 3.2, table B.2). 
GARNET 
Garnet is homogeneous, averaging py37.5al31.8gr28.8an0.9sp0.7uv0.2 and falling within the field 
of Group II B eclogite garnets (fig. 3.3, table B.3). The oxide concentrations are also 
similar: 16.35 ± 0.26 FeO, 9.82 ± 0.11 Mg, 10.91 ± 0.14 CaO, 22.67 ± 0.15 Al2O3 and little 
TiO2 (0.06 ± 0.02), Cr2O3 (0.07 ± 0.01). Si4+ is uniform near the expected value of 3 (2.950 
± 0.017), but the Al + Cr sum shows some little variation, averaging 2.026 ± 0.019. 
CLASSIFICATION - The omphacitic character of the pyroxene and the composition of the 
garnet indicate that this rock is an eclogite. 
JAR 20273 
PYROXENE 
Clinopyroxene shows different core compositions relative to the surrounding rim (fig. 3.1, 
table B.1). The core is omphacite and the altered portions of the crystal correspond to 
aluminian (chromian) sodian augite and diopside. Omphacite has a high Mg# (83.71 ± 
0.42) and low FeO (3.83 ± 0.10). CaO content is 15.00 ± 0.14, Al2O3 is 8.16 ± 010 and 
Na2O is 5.27 ± 0.11. There is little TiO2 (0.16 ± 0.02) and Cr2O3 (0.26 ± 0.05). The altered 
rim shows slightly higher FeO (4.59 ± 0.28) and MgO (14.52 ± 0.48) but lower Al2O3 (4.02 
± 0.90), CaO (2.13 ± 0.44) and, mostly, a lower total sum of cations. The two different 
compositions are also divided in the Si4+ x (Al + Cr) plot where omphacite clusters around 
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4.130 ± 0.011 Si4+ and 0.715 ± 0.009 Al + Cr pfu and the altered diopside/augite is 
characterised by lower values (3.984 ± 0.010 and 0.361 ± 0.075, fig. 3.2, table B.2). 
The orthopyroxene, present as poikiolitic texture, is enstatite (fig. 3.1, table B.1). It has a 
similar Mg# (83.72 ± 0.11), with high FeO (10.81 ± 0.08) and MgO (31.19 ± 0.16). The 
other oxides are present in low concentrations: 0.98 ± 0.03 Al2O3, 0.19 ± 0.00 CaO, 0.06 ± 
0.02 Na2O and TiO2 and Cr2O3 are below detection limits. In terms of mineral formula, the 
Si4+ content pfu of orthopyroxene clusters around 3.897 ± 0.005 and 0.082 ± 0.003 (fig. 
3.2, table B.2).  
GARNET 
The garnet has a homogenous composition but is depleted in the grossular end-member 
averaging py59.0al31.7gr7.6sp0.9an0.4uv0.4. In terms of the classification of Schulze (2003) the 
garnets resemble garnets from Group II A eclogites because of the high FeO (16.32 ± 
0.13) and Mg (16.35 ± 0.06), slightly low Mg# (64.10 ± 0.15) and CaO (3.23 ± 0.01) and 
little Cr2O3 (0.14 ± 0.02) and lack of TiO2. They plot near the expected values for ideal 
stoichiometry (3.025 ± 0.011 Si4+ and 1.964 ± 0.013 Al + Cr, fig. 3.2, table B.2).  
CLASSIFICATION - The presence of omphacitic cores and pyropic garnets indicates that this 




The clinopyroxene in this sample has a range of compositions from omphacite to diopside 
(fig. 3.1, table B.1). The cores are omphacite with a trend toward diopside (i.e., 
perpendicular to the aegerine axis) in the Q-Jd-Ae ternary plot. This is mostly a result of 
varying MgO (from 8.87 to 10.29) and Na2O (from 4.83 to 6.03). CaO shows less variation 
(14.31 to 15.16), but the remaining oxides are more constant (10.49 ± 0.18 Al2O3, 4.51 ± 
0.21 FeO, 0.31 ± 0.04 TiO2 and Cr2O3 < 0.06). The altered rim shows compositional 
variation from omphacite toward aluminian ferrian sodian augite and aluminian sodian 
diopside. The average Al2O3 content is lower (8.49 ± 1.11) as well as Na2O (3.27 ± 0.79) 
while MgO is higher (11.60 ± 1.15). The core averages 4.028 ± 0.032 Si4+ while the rim 
shows lower values, with an average of 3.850 ± 0.082 (fig. 3.2, table B.2). The same is 
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observed with Al + Cr content pfu, where the core averages 09.24 ± 0.017 and the rim 
shows 0.752 ± 0.098. 
GARNET 
Garnet is homogeneous, with an average of py40.0al34.9gr22.7an1.4sp0.9uv0.2 (fig. 3.2, table B.2). 
The composition of 17.89 ± 0.18 FeO, 10.72 ± 0.18 MgO, 51.64 ± 0.47 Mg#, 9.04 ± 0.06 
CaO and 22.63 ± 0.20 Al2O3 is similar to garnets in Group B eclogites and groups I and II 
as the Na2O content falls at the limit of the discrimination value. The formula also 
approaches the stoichiometric relations: Si4+ = 2.974 ± 0.015 and Al + Cr = 1.988 ± 0.011. 
CLASSIFICATION - This rock is mostly omphacite and pyropic garnet resulting in a 
classification as eclogite.  
JAR 02093 
PYROXENE 
The core or fresh clinopyroxenes are homogeneous omphacite in contrast to analysis of the 
rim or altered material which have a aluminian sodian augite composition (fig. 3.1, table 
B.1). The omphacite has low MgO (8.17 ± 010) and FeO (6.69 ± 0.08) with Mg# of 68.52 
± 0.38 and Al2O3 at 9.60 ± 0.06, CaO at 6.10 ± 0.09 and 6.10 ± 0.09 Na2O with little TiO2 
(0.26 ± 0.03) and Cr2O3 (0.07 ± 0.01). The difference with the altered material is apparent 
in lower Al2O3 (5.07 ± 0.13) and Na2O (2.57 ± 0.14) and higher FeO (8.34 ± 0.21), MgO 
(11.36 ± 0.00) and CaO (18.01 ± 0.06). The omphacite shows higher than stoichiometric 
Si4+ content (4.155 ± 0.004) and Al + Cr (0.846 ± 0.006) while the altered material has 
lower Si4+ (3.924 ± 0.012) and Al + Cr (0.455 ± 0.008, fig. 3.2, table B.2). 
GARNET 
Garnet has a homogeneous composition and averages py34.2al46.1gr17.4sp1.2an1.0uv0.2 (fig. 3.3, 
table B.3). The low MgO (9.01 ± 0.09) and high FeO (22.67 ± 0.19) yield a low Mg# 
(41.47 ± 0.13). CaO is 6.81 ± 0.16, Al2O3 is 21.98 ± 0.21 and Na2O is 0.06 ± 0.02. TiO2 
and Cr2O3 are low (0.08 ± 0.01 and 0.06 ± 0.01). The garnets have compositions similar to 
garnets from Group II B and Group I B eclogites. The Si4+ and Al + Cr content vary 
slightly along the majorite vector towards higher values for Si4+ (3.028 ± 0.018) and lower 
values for Al + Cr (1.946 ± 0.018, fig. 3.2, table B.2).  
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The pyroxene comprises omphacitic relict cores amongst altered material (fig. 3.1, table 
B.1). The pyroxenes show some variation with low MgO (9.76 ± 0.20) and FeO (6.04 ± 
0.15), an Mg# of 74.24 ± 0.47 and 8.58 ± 0.07 Al2O3, 13.47 ± 0.28 CaO and 6.01 ± 0.14 
Na2O. TiO2 (0.56 ± 0.02) is higher than Cr2O3 (0.10 ± 0.02). The altered material has a 
greater compositional variation, from omphacite toward aluminian sodian augite, with 
higher MgO (13.14 ± 1.64) and CaO (16.64 ± 1.82) and lower Al2O3 (5.75 ± 1.73) and 
Na2O (2.78 ± 1.36). The cation content pfu also distinguishes between the two 
compositions (fig. 3.2, table B.2).  The omphacite has 4.117 ± 0.016 Si4+ and 0.758 ± 0.009 
Al + Cr, in contrast to the the augite which shows as wider spread with Si4+ = 3.947 ± 
0.087 and Al + Cr = 0.509 ± 0.149. 
GARNET 
Garnets show little variation in pyrope-almandine end-members with an average 
composition of py45.8al38.2gr14.3sp1.3uv0.2an0.1 (fig. 3.3, table B.3). The garnets have 
compositions similar to garnets in Group I B eclogites. The Mg# is low (53.32 ± 3.06), 
FeO averages 18.94 ± 1.15, MgO, 12.21 ± 0.84. Al2O3 (22.37 ± 0.14) is high and CaO 
(5.43 ± 0.29) is low, but TiO2, Cr2O3, and Na2O are present in 0.20 ± 0.03, 0.08 ± 0.02, 
and 0.10 ± 0.02 respectively. The cation content does not vary remarkably, averaging 3.052 
± 0.010 Si4+ and 1.938 ± 0.017 Al + Cr (fig. 3.2, table B.2).  
CLASSIFICATION -The presence of omphacitic pyroxene and pyrope rich garnet supports 
classification as an eclogite.  
JAR 02153 
PYROXENE 
The clinopyroxene is omphacite in the ternary Q-Jd-Ae diagram (fig. 3.1, table B.1). The 
Mg# is 80.28 ± 0.36, FeO = 3.46 ± 0.08 and MgO = 7.91 ± 0.05. Al2O3 and CaO are 
similar (13.23 ± 0.08 and 13.39 ± 0.08), N2O is 6.37 ± 0.08. TiO2 (0.13 ± 0.02) is higher 
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than Cr2O3 (0.05 ± 0.01). The cation distribution is also homogeneous averaging at 4.019 ± 
0.009 Si4+ and 1.128 ± 0.008 Al + Cr (fig. 3.2, table B.2). 
GARNET 
Garnet has a homogeneous composition but is locally altered, plotting around an average 
of py38.0al33.5gr27.2sp1.1an0.1uv0.1 (fig. 3.2, table B.2). The garnets have high FeO (16.76 ± 
0.18) and low MgO (10.15 ± 0.04) and so a Mg# of 51.79 ± 0.28, 22.45 ± 0.12 Al2O3 and 
10.16 ± 0.18 CaO, and little TiO2 (0.05 ± 0.02), Na2O (0.04 ± 0.01) and Cr2O3 (0.02 ± 
0.05). These garnets are compositionally similar to Group II eclogites. The altered rim has a 
lower total sum and MgO (5.54 ± 3.20) as the other oxides present a much wider deviation. 
The Si4+ content of the cores is slightly high (3.061 ± 0.010) and Al + Cr approaches the 
ideal value (1.939 ± 0.007, fig. 3.2, table B.2). 
CLASSIFICATION - Omphacite, pyrope rich garnet and kyanite mean this can be classified as 
a kyanite eclogite. 
3.2.8 ROBERTS VICTOR 
DEJ02 
PYROXENE 
The clinopyroxene is zoned from core to rim. The core is more homogeneous in 
composition and plots on the ternary Q-Jd-Ae diagram as omphacite while the rim is less 
omphacitic and tends to have a more aluminian sodian augite composition (fig. 3.1, table 
B.1). The core has a Mg# of 85.42 ± 0.18, with FeO at 3.10 ± 0.05 and MgO at 10.18 ± 
0.03, 13.54 ± 0.07 CaO, 10.12 ± 0.14 Al2O3 and 5.90 ± 0.07 NaO as well as considerable 
TiO2 (0.35 ± 0.03) and Cr2O3 (0.12 ± 0.01). The rim is depleted in Al2O3 (7.97 ± 1.20) and 
Na2O (3.21 ± 0.67) and enriched in FeO (4.59 ± 1.17), MgO (12.89 ± 0.91) and CaO 
(17.50 ± 0.79). All oxides in the rim show greater variance than in the core. The same 
occurs in the cationic distribution within the formula (fig. 3.2, table B.2): the core is more 
constant averaging 4.107 ± 0.012 Si4+ and 0.890 ± 0.012 while the rim has lower and more 
variable Si4+ (3.838 ± 0.114) and Al + Cr (0.710 ± 0.110). 
GARNET 
Garnet has a homogeneous composition and averages py56.8al24.3gr16.4an1.6sp0.6uv0.3 (fig. 3.3, 
table B.3). The composition resembles garnets from Group I A eclogites, except for one 
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analysis with slightly lower MgO that corresponds to Group I B eclogites. The Mg# is not 
high (68.14 ± 0.81), resulting from 12.95 ± 0.22 FeO and 15.54 ± 0.32 MgO. CaO is 6.94 
± 0.13 and Al2O3 is present as 22.71 ± 0.18. There is some TiO2 (0.26 ± 0.03), Na2O (0.11 
± 0.01) and Cr2O3 (0.09 ± 0.01). The formula approaches the ideal values with 2.996 ± 
0.014 Si4+ and 1.956 ± 0.015 Al + Cr (fig. 3.2, table B.2).  
CLASSIFICATION - The omphacitic pyroxene cores and the pyrope-rich garnet support the 
classification as an eclogite.  
DEJ03 
PYROXENE 
This sample shows similar relationships to the previous one, although the composition of 
the omphacitic core straddles the omphacite field in the Q-Jd-Ae ternary diagram (fig. 3.1, 
table B.1). The average composition of the core has Mg# of 81.25 ± 0.39, with 5.30 ± 0.11 
FeO and 12.89 ± 0.22. CaO is present as 13.40 ± 0.32, Al2O3 as 6.03 ± 1.18 and Na2O as 
4.86 ± 0.09. TiO2 and Cr2O3 are present in appreciable amounts (0.34 ± 0.02 and 0.27 ± 
0.03). The transition to the border of the crystals is marked by higher MgO (14.93 ± 0.50), 
FeO (6.01 ± 0.10) and CaO (16.30 ± 0.71) and lower Na2O (2.88 ± 0.35). Al2O3 shows a 
much wider variation. TiO2 is constant (0.33 ± 0.06) and Cr2O3 is slightly higher (0.34 ± 
0.01). The Si4+ content pfu shows a continuous from 4.163 to 3.813 and Al + Cr varies 
between 0.387 and 0.629 (fig. 3.2, table B.2).  
GARNET 
Garnet has a homogenous composition on the ternary Gr-Py-Al diagram with an average 
of py64.0al26.0gr6.3an2.3sp0.7uv0.7 (fig. 3.3, table B.3). It does not show a high Mg# (68.87 ± 
1.05) as FeO = 14.23 ± 0.41 and MgO = 17.67 ± 0.37. CaO is low (0.09 ± 0.02) and Al2O3 
averages 22.67 ± 0.10. There is little Na2O (0.09 ± 0.02) but some Cr2O3 (0.026 ± 0.02) 
and TiO2 (0.23 ± 0.03). This composition agrees with a classification as Group I A 
eclogites. The formula is invariant, with 2.991 ± 0.013 Si4+ and 1.946 ± 0.013 Al + Cr. 
CLASSIFICATION - This sample has omphacitic pyroxene and pyrope-rich garnet, and so 
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DJ0285 
PYROXENE 
A limited number of analyses of clinopyroxenes are available for this sample. They plot 
among the altered pyroxene of the other rocks from this locality, with omphacite and 
aluminian sodian augite compositions (fig. 3.1, table B.1). Their chemistry averages 83.56 ± 
1.56 Mg# (4.85 ± 0.38 FeO and 13.89 ± 0.74 MgO), 17.88 ± 0.72 CaO, 5.88 ± 0.66 Al2O3 
and 2.98 ± 0.36 Na2O. TiO2 (0.46 ± 0.06) is higher than Cr2O3 (0.14 ± 0.04). The formula 
values also plot among the previous samples, averaging 3.903 ± 0.023 Si4+ and 0.522 ± 
0.060 Al + Cr (fig. 3.2, table B.2). 
GARNET 
The garnets are homogeneous on the ternary Gr-Py-Al graph, with an average of 
py56.3al27.1gr13.7an1.8sp0.8uv0.3 (fig. 3.3, table B.3). The average composition shows a Mg# of 
65.44 ± 0.43, with 14.41 ± 0.12 FeO and 15.30 ± 0.19 MgO, and 22.51 ± 0.16 Al2O3 and 
5.96 ± 0.23 CaO. Na2O is high (0.12 ± 0.03), TiO2 averages 0.26 ± 0.02 and Cr2O3 is 0.10 
± 0.02. These garnets have a composition similar to eclogites from Group I and both 
groups A and B eclogites. The Si4+ content in the formula averages 2.997 ± 0.020 and Al + 
Cr is present as 1.949 ± 0.019 pfu (fig. 3.2, table B.2).  
CLASSIFICATION - Omphacitic pyroxene and pyrope garnet indicates an eclogite.  
DJ0287 
PYROXENE 
The pyroxene in this rock has three compositions. The main crystals plot between 
omphacite and aegerine-augite in the ternary Q-Jd-Ae plot. This also includes some 
clinopyroxene inclusions. The average composition of these phases is 79.44 ± 0.40 Mg # 
(5.82 ± 0.12 FeO and 12.78 ± 0.18 MgO), 5.72 ± 0.12 Al2O3, 14.70 ± 0.22 CaO, 4.47 ± 
0.11 Na2O, 0.34 ± 0.03 TiO2 and 0.19 ± 0.03 Cr2O3. The remainder of the clinopyroxene 
inclusions are aluminian ferrian sodian, aluminian ferrian or ferrian sodian augites. That 
represents lower Al2O3 (3.48 ± 1.70) and Na2O (1.79 ± 0.39) and higher FeO (5.82 ± 0.12), 
MgO (12.78 ± 0.18) and CaO (14.70 ± 0.22). The omphacite/aegerine-augite phases are 
more uniform in terms of formula contents, with 3.973 ± 0.013 Si4+ and 0.534 ± 0.011 Al 
+ Cr pfu, while the augite phases show variation along the majorite vector averaging 3.796 
± 0.094 Si4+ and 0.332 ± 0.158 Al + Cr (fig. 3.2, table B.2). 
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Two other analyses have compositions similar to aluminian ferrian enstatite (fig. 3.1, table 
B.1). These orthopyroxenes have an average 16.50 ± 0.16 FeO, 24.64 ± 0.09 MgO (Mg# = 
72.69 ± 0.27), 4.22 ± 0.23 Al2O3, 1.80 ± 0.05 CaO, 0.06 ± 0.04 Na2O, 0.19 ± 0.02 TiO2 
and 0.16 ± 0.03 Cr2O3. The orthopyroxene shows less Si4+ pfu than the clinopyroxenes 
(3.574 ± 0.032) and 0.383 ± 0.024 Al + Cr (fig. 3.2, table B.2).  
GARNET 
In the ternary diagram garnets show little variation, plotting around 
py59.9al27.8gr7.0an3.6sp1.0uv0.7 (fig. 3.3, table B.3). All analyses resemble those garnets from 
Group I A eclogites and the oxides contents are 15.89 ± 0.45 MgO, 15.57 ± 0.30 FeO 
(64.53 ± 1.02 Mg#), 21.87 ± 0.27 Al2O3, 4.18 ± 0.24 CaO, 0.13 ± 0.02 Na2O, 0.40 ± 0.05 
TiO2 and 0.23 ± 0.04 Cr2O3. They show little variation in Si4+ pfu (2.954 ± 0.016) and 
some variation on Al + Cr at slightly lower values but parallel to the majorite vector (1.943 
± 0.022, fig. 3.2, table B.2).  
CLASSIFICATION - Omphacite and pyrope garnet indicate an eclogite.  
R8A 
PYROXENE 
The clinopyroxene has variable composition (fig. 3.1, table B.1). Some analyses cluster 
around diopside and augite in the Wo-Ae-Fs ternary plot. Al2O3 ranges from 1.90 to 3.59, 
Na2O ranges from 1.32 ± 2.66 and Cr2O3 ranges from 0.29 to 0.39. The Mg# is high 
(91.56 ± 0.51), with 2.68 ± 0.22 FeO and 16.31 ± 0.50 MgO. CaO averages 20.15 ± 0.95 
and TiO2, 0.23 ± 0.03. Other pyroxene analyses have a lower total sum of cations and are 
uniformly jadeitic. It has no FeO, MgO or CaO and much high Al2O3 (24.04 ± 0.29) and 
Na2O (13.10 ± 0.26). It is also depleted in TiO2 and Cr2O3. In terms of the stoichiometric 
constrains these two groups are easily separated as the jadeite has extremely high Al + Cr in 
its formula (2.242 ± 0.027), plotting above the limits of the display in fig. 3.2 (table B.2). Its 
Si4+ content pfu averages 3.817 ± 0.019. The diopside/augite phases resemble much closer 
other clinopyroxenes from this locality, with 3.986 ± 0.026 Si4+ and 0.267 ± 0.058 Al +Cr.  
GARNET 
Garnet plots uniformly at the ternary Gr-Py-Al diagram, averaging 
py75.8al14.0gr5.8an2.7sp0.8uv0.9. The Mg# is high (81.46 ± 0.24) from 8.64 ± 0.12 FeO and very 
high MgO (21.29 ± 0.17), CaO is low (3.67 ± 0.05) and Al2O3 averages 22.98 ± 0.09. TiO2 
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is 0.17 ± 0.02 and Cr2O3 is 0.33 ± 0.02. Since Na2O in garnet varies around the limit for 
the classification of garnet-rich rocks (0.05 ± 0.02), they are mostly similar to Group II A 
eclogites, but also one sample resembles Group I A eclogites. The stoichiometry resembles 
the ideal formula with 2.982 ± 0.012 Si4+ and 1.949 ± 0.012 Al + Cr (fig. 3.2, table B.2).  
CLASSIFICATION - The sample is considered a garnet-clinopyroxenite mostly because of the 
composition of the pyroxenes.  
R30 
PYROXENE 
Clinopyroxene compositions plot in the field of omphacite in the ternary Q-Jd-Ae diagram 
(fig. 3.1, table B.1). The compositions average 87.47 Mg#, 2.94 ± 0.04 FeO, 11.53 ± 0.49 
MgO, 8.08 ± 0.54 Al2O3, 16.16 ± 0.58 CaO and 4.75 ± 0.17 Na2O. TiO2 averages 0.23 ± 
0.03 and 0.05 ± 0.02 Cr2O3. Other pyroxene analyses straddle the augite-diopside field with 
aluminian (sodian) augite and aluminian sodian diopside. This trend is mostly due to the 
variance in FeO from 3.73 to 5.62. Al2O3 and Na2O are lower than the omphacite (3.85 ± 
0.87 and 1.47 ± 0.56) and MgO and CaO are higher (15.92 ± 0.65 and 20.02 ± 1.13). TiO2 
and Cr2O3 do not vary (0.23 ± 0.08 and 0.07 ± 0.03). The distinction is also observed in 
terms of cation distribution in the formula: omphacite shows around 4.062 ± 0.006 Si4+ 
and high Al + Cr (0.706 ± 0.051) while the diopside/augite straddles along the majorite 
vector with average 3.879 ± 0.080 Si4+ and 0.339 ± 0.075 Al + Cr (fig. 3.2, table B.2).  
GARNET 
Garnet is extremely homogeneous and averages py55.1al28.6gr13.9an1.8sp0.5uv0.1 (fig. 3.3, table 
B.3). It shows low Mg# 64.32 ± 0.24 from 14.91 ± 0.16 FeO and 15.08 ± 0.08 MgO. CaO 
averages 6.02 ± 0.05 and Al2O3, 22.67 ± 0.16. TiO2, Na2O and Cr2O3 are low (0.13 ± 0.01, 
0.03 ± 0.01 and 0.04 ± 0.02). This composition results in a classification as Group II B 
eclogites.  
CLASSIFICATION - Most of the analyses of pyroxene are not omphacite and although it may 
represent an altered material from an omphacitic protolith, the actual chemistry suggests a 









The pyroxene in this sample is mostly aegerine-augite plotting very near to the limit 
between omphacite and aegerine-augite (fig. 3.1, table B.1). One of the analyses does in fact 
plot within the omphacite field while two analyses plot as (ferrian sodian and aluminian 
ferrian) augite. The omphacite and the aegerine-augite represent a continuous solution. The 
two analyses of augite occur within a crystal that also shows aegerine-augite composition. 
That may indicate a process initiated at the aegerine-augite/omphacite composition. The 
aegerine-augite/omphacite set has average MgO (12.29 ± 0.06) and low FeO (4.90 ± 0.08), 
and so a high Mg# (81.40 ± 0.29). TiO2 is 0.26 ± 0.03 and Cr2O3 is 0.14 ± 0.02. The 
aegerine-augite/omphacite set shows slightly low Si4+ (3.909 ± 0.011) but high Al + Cr 
(0.539 ± 0.006) – fig. 3.2, table B.2. One of the augite analyses plots very near the majorite 
vector while the other one shows lower Si4+ (3.774 ± 0.258) and lower Al + Cr (0.220 ± 
0.053). 
GARNET 
Garnet shows two groups with different pyrope end-member concentrations (fig. 3.3). This 
division is broadly associated with zonation in the crystal in terms of MgO (14.99 ± 0.34 – 
core – and 12.50 ± 0.30 – rim) and Mg# (66.91 ± 0.966 – core – and 59.61 ± 0.64 – rim) 
(table B.3). The general composition of the pyrope enriched core is 
py57.4al21.9gr15.5an3.4sp1.3uv0.5 while the rim averages py48.1al27.0gr19.6an3.3sp1.6uv0.4. FeO and 
CaO are slightly higher in the rims but they also show more variation (13.21 ± 0.29 and 
15.11 ± 063 for FeO and 7.06 ± 0.32 and 8.42 ± 1.02 for CaO). All garnets have Na2O 
lower than 0.07 wt% and similarities to Group II B eclogites, except for two analyses with 
slightly lower CaO at around 6.7 wt%. The stoichiometry of all garnets resemble the ideal 
formula with Si4+ = 2.935 ± 0.012 and Al + Cr = 1.983 ± 0.012 (fig. 3.2, table B.2). 
CLASSIFICATION - The aegerine-augite composition of the pyroxenes suggests a 
classification as garnet-clinopyroxenite, but the presence of omphacite and the composition 
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DJ0296 
PYROXENE 
The composition of the clinopyroxene in this sample is quite constant, plotting on the 
ternary Qd-Jd-Ae plot as aegerine-augite (fig. 3.1, table B.1). They show high MgO (14.05 
± 0.16) and low Na2O (3.00 ± 0.06) and a high Mg# (82.47 ± 0.14) but little TiO2 and 
Cr2O3 (0.20 ± 0.02 and 0.16 ± 0.01). They have almost ideal Si4+ in their formula (3.942 ± 
0.006), but high Al + Cr (0.323 ± 0.019) – fig. 3.2, table B.2. 
GARNET 
Garnet is very homogeneous, averaging py60.0al25.5gr10.0an2.8sp1.0uv0.5 (fig. 3.3, table B.3). 
Despite the high MgO concentrations (16.14 ± 0.22), the sample shows low Mg# (66.70 ± 
0.43) as a result of the high FeO (14.36 ± 0.16). Only one analysis has Na2O higher than 
0.07 wt%, even though only slightly, and so the remaining garnets plot within the Group II 
A eclogites. The analyses cluster around the concentrations for ideal garnet in Si4+ (2.959 ± 
0.016) and Al + Cr (1.973 ± 0.017) (fig 3.2, table B.2).  
CLASSIFICATION - This sample also represents a garnet-clinopyroxenite, mainly because of 




Clinopyroxenes in this sample plot in two different groups (fig. 3.1, table B.1): aluminian 
chromian sodian diopside and chromian (ferrian) augite. The first show higher SiO2 
(53.08 ± 0.30 against 51.78 ± 0.01), Al2O3 (2.88 ± 0.04 and 1.85 ± 0.09), Na2O (2.48 ± 
0.06 and 1.14 ± 0.02) and Cr2O3 (1.44 ± 0.07 and 0.61 ± 0.23) but less FeO (2.41 ± 0.06 
and 3.40 ± 0.14), MgO (15.39 ± 0.10 and 17.62 ± 0.11) and TiO2 (0.19 ± 0.02 and 0.91 ± 
0.13). Still, both show very high Mg# (91.85 ± 0.19 and 90.23 ± 0.31). The diopsides 
show near stoichiometric Si4+ (3.960 ± 0.007) but higher Al + Cr (0.340 ± 0.006) while 
the augite is slightly lower in Si4+ (3.862 ± 0.006) with Al + Cr plotting near the majorite 
vector (fig. 3.2, table B.2).  
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Orthopyroxene plots uniformly in the ternary Wo-En-Fs diagram (fig. 3.1), resulting a 
(ferrian) enstatite classification. They are very magnesium rich (MgO = 35.70 ± 0.54) and 
low in FeO (5.00 ± 0.15), resulting in a very high Mg# (92.72 ± 0.20) – table B.1. They are 
similar to the co-existing diopside in terms of Si4+ (3.866 ± 0.012) but show much lower Al 
+ Cr (0.077 ± 0.009, fig. 3.2, table B.2). 
GARNET 
Garnet plots homogeneously in the ternary diagram, clustering around 
py74.6al12.5gr4.6uv5.0an2.4sp0.8 (fig. 3.3, table B.3). They show a high Mg# (81.75 ± 0.23) with 
FeO = 8.21 ± 0.09 and MgO = 20.63 ± 0.20, but, mostly, the classification as lherzolite 
according to the scheme of Schulze (2003) is a result of the average Cr2O3 (1.75 ± 0.06) 
and low TiO2 (0.08 ± 0.03). The concentration of Si4+ in this phase is similar to the 
expected (2.959 ± 0.019) as well as the Al + Cr (1.983 ± 0.018) – fig. 3.2, table B.2.  
CLASSIFICATION - Due to the higher mode of orthopyroxene in this sample, this is 
classified as a garnet-websterite.  
B21 
PYROXENE 
Clinopyroxene is mostly aluminian chromian augite, though two analyses are slightly 
displaced outside the quad field, as chromian aegerine-augite and chromian omphacite (fig. 
3.1). Still, all these are members of a solid-solution and the average chemistry is mostly 
invariant: low FeO (3.43 ± 0.07), high MgO (15.22 ± 0.12), high Mg# (88.76 ± 0.21), high 
Cr2O3 (2.18 ± 0.03) and low TiO2 (0.22 ± 0.02) – table B.1. As for the stoichiometry, it is 
virtually equal to the ideal formula in terms of Si4+ (3.986 ± 0.007), but with high Al + Cr 
(0.352 ± 0.008), fig. 3.2, table B.2. 
Orthopyroxene is homogeneous enstatite (fig. 3.1, table B.1) with similar Mg# as the 
clinopyroxene (89.41 ± 0.16), higher FeO (7.21 ± 0.09) and MgO (34.18 ± 0.18) but no 
Cr2O3 (0.24 ± 0.11). They are very similar to the orthopyroxene in the other sample from 
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GARNET 
Garnet is very homogeneous but shows no grossular end-member content (fig. 3.3, table 
B.3), averaging py67.4al17.5uv13.2sp1.2an0.7gr0.0. Instead, available Ca (5.21 ± 0.23) is consumed 
in the formation of the uvarovite end-member (Ca3Cr2Si3O12) together with the Cr2O3 (4.46 
± 0.28). The Mg# is not high (74.73 ± 033), with FeO = 10.96 ± and MgO = 18.18 ± 
0.36. TiO2 concentration is very low (0.21 ± 0.03) and, thus, the resulting classification is of 
lherzolite. Both Si4+ and Al + Cr approach the ideal formulation (2.982 ± 0.016 and 1.940 
± 0.011, fig. 3.2, table B.2).  
CLASSIFICATION - As for the previous sample, this one corresponds to a garnet-websterite 
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3.3 DISCUSSION  
From the summary of compositional data it appears that several issues require discussion. 
These include core to rim variations in clinopyroxenes, the presence of eclogite/pyroxenite 
in relation to tectonic setting, and how these data compare with published eclogite-
pyroxenite data from cratons and elsewhere.    
Metasomatism  
Many pyroxenes deviate from the stoichiometric ideal in terms of Si4+ as shown in fig. 3.2 
and table B.2. In general, this is a feature characteristic of altered or “rim” clinopyroxene, 
which is usually opaque (see Chapter 02) and chemically heterogeneous, tending to augite 
and diopside compositions. In contrast “core” pyroxenes approach the ideal stoichiometric 
values and are characterised by more homogeneous compositions, mostly omphacitic. 
Smyth (1980) reported this core to rim relationship in samples from the South African 
kimberlite pipes. He explained the deviation as due to vacancies in the M-site in aluminous 
pyroxenes, and he invoked the presence of the Ca-Eskola component (Ca?Al2Si4O12) as a 
result of rapid breakdown of omphacite. Deer et al. (1992) also refer to mantle derived 
omphacite with M-site vacancies breaking down to aluminium rich augite and that the 
reaction stabilizes at about 30 Kbar. Smyth (1980) also related the excess Al to the CaTs 
component as the Si content is nearly sufficient to fill the tetrahedral site. The estimation of 
pressures and temperatures of equilibrium will be presented in Chapter 05.  
Another aspect of the transition between relict omphacitic core and altered diopside/augite 
rim is the consistent increase in FeO, MgO and CaO and the decrease in Al2O3 and Na2O 
from core to rim. It is not unexpected that metasomatism results in the formation of augite 
and diopside as they commonly show extensive solid solution between the two series (Deer 
et al. 1992).  
In contrast to clinopyroxenes, the garnets tend to be unaltered and appear to have behaved 
more robustly compared to the pyroxene. This is a common feature through out the set of 
samples, both in terms of oxide contents and deviation from stoichiometry. In the few 
cases in which garnet shows a minor alteration rim it does not follow the same patterns as 
the co-existing clinopyroxene.  
The summary of these evidence suggest that most of the samples have been subjected to 
modal metasomatism which affects clinopyroxene more strongly than garnets in terms of 
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major elements. Metasomatism is also observed in other eclogite suites (e.g., Koidu, Sierra 
Leone, Barth et al. 2001) both as a result of interaction with passing melts prior pre-
entrainment or by percolation of the kimberlitic-host syn-entrainment. The exact source of 
the alteration or metasomatism will be investigated in terms of thermobarometry (Chapter 
05), trace elements (Chapter 06), and isotope systematics (Chapter 07). 
Comparative eclogite data 
Schulze (2003) and Pearson et al. (2005) compiled data for eclogites from South Africa, 
Siberia and low temperature peridotites from the Kaapvaal Craton. Some of their data are 
represented in ternary Gr-Py-Al diagrams (fig. 3.4), with xenoliths from Koidu, West Africa 
for comparison. This latter suite has been sub-divided by Barth et al. (2001) and Barth et al. 
(2002b) into a high and low Mg series. While this compilation makes clear the wide end-
member compositional variation in garnets from mantle eclogites, the dataset in this study 
is more chemically restricted to < 30% grossular component, not showing, for example, 
grospydite samples (fig. 3.4). Except for the sample 12-97-1 from Chino Valley (which also 
presents unusual chemistry for its pyroxene) and the majorite-bearing xenolith from 
Kakanui (20271) all the remaining samples are pyrope-rich and show less than 50% 
almandine end-member, comparing well to the examples from literature.  
While there are no obvious differences among the garnets in terms of end-member 
compositions, the classification according to the scheme of Schulze (2003) diverges. The 
majority of garnet-clinopyroxenites and eclogites have garnets with compositions that fall 
within groups A and B eclogites (table B.3). Even though the classification of Coleman et 
al. (1965) in groups A, B and C has been shown not to represent any genetic signification, 
the classification as eclogite is distinct from some of the off-craton samples from Chino 
Valley and the oceanic sample from Malaita. These samples show resemblances to crustal 
garnets and garnets from low temperature peridotites, probably suggesting different 
petrogenetic models for these samples.  
Garnets from the websterites from Bultfontein (713 and B21) have similarities with low 
temperature peridotites from South Africa (fig. 3.4) and show resemblances to lherzolitic 
garnets according to the classification scheme of Schulze (2003), possibly suggesting that 
the origin of these rocks is related to magmatic processes. 
In addition, one sample from Kakanui displays high majorite component in the garnet. 
Majorite is known to occur in other oceanic suites like Malaita (Katayama et al. 2000), 
although it has not been observed for the Malaitan sample available for this study. Its 
 
89
 03 MINERAL CHEMISTRY
occurrence within the Kakanui suite indicates an origin at high-pressure (~ 12 to 26 GPa) 
for this sample. Conversely, the presence of kyanite in some craton-margin samples (JAR 
42313 from Roodekraal and JAR 02153 from Lovedale) indicates a shallower origin for 
these rocks since, otherwise, kyanite would react with peridotite (Barth et al. 2001). The 
presence of higher or lower pressure samples within the rocks from these localities suggest 
a polybaric character for these suites, which will be evaluated further with 
thermobarometric calculations (Chapter 05).  
Tectonic setting 
The majority of the cratonic and craton-margin samples are, or were originally, eclogites. In 
other words, most of the samples are either classified as eclogites or are garnet-
clinopyroxenites which show relict omphacitic core with high extent of 
alteration/metasomatism and core-rim variations. In contrast, the oceanic sample set is 
dominated by much more homogenous garnet-clinopyroxenites with no clear evidence of 
an eclogitic precursor.  
In addition to the different classification of the garnets from craton and off-craton 
localities according to the classification scheme of Schulze (2003), this may suggest a 
distinction in the petrogenesis of these samples related to the tectonic setting, eclogites 
being related to craton and garnet-clinopyroxenites being formed at off-craton localities. 
However, since some of the craton-margin eclogites have been shown to have been altered 
into garnet-clinopyroxenite compositions by metasomatism, one other possibility is that 
off-craton garnet-clinopyroxenites may represent complete overprint of an eclogitic 
precursor. In fact, both eclogite and garnet clinopyroxenites are observed in Hawaii, where 
garnet clinopyroxenites are believed to represent residues of a reaction of eclogite derived 
melts with peridotite (Sobolev et al. 2005). Nevertheless, this information will be better 
assessed in conjunction with thermobarometric and trace elements data in chapters 05 and 
06. 
3.4 CONCLUSIONS 
Mineral compositional data indicates the following: 
(1) Pyroxene compositional data is vital in classifying eclogites and pyroxenites but in many 
cases retrograde processes have seriously affected the pyroxene composition. 
(2) Garnets are unaffected by metasomatic processes and may retain provenance 






(3) Eclogite protoliths can be progressively transformed into garnet pyroxenites by pre- or 
syn-entrainment processes. 
 (4) Cratonic and craton-margin samples from this study contain a predominance of 
eclogite with subordinate secondary garnet pyroxenites from omphacitic precursors while 
oceanic localities are characterised by garnet pyroxenites. 
(5) Majorite is apparent in the Kakanui pyroxenite and perhaps somewhat similar to 
majorite in garnet pyroxenites/garnet megacrysts from Malaita.  
(6) The presence of majorite in Kakanui and kyanite in craton-margin samples suggests a 
polybaric character for these suites.  
 








Oxygen isotopes were measured in co-existing silicate phases in garnet pyroxenites, 
eclogites and websterites. The range in oxygen isotopes from light to heavy oxygen (4.5-
8.7‰) exceeds that reported for peridotitic mantle rocks (5.5‰). However it lies within 
the range reported for eclogites from South Africa and elsewhere and for E-type inclusions 
in diamonds. The growth of secondary phases with “normal” mantle O isotope values 
indicates that the metasomatic processes may have been pre- or syn- entrainment perhaps 
involving high temperature melts like proto-kimberlite. In contrast, some of the garnet 
pyroxenites contain hydrous phases with heavy oxygen compositions perhaps indicative of 
pre-entrainment processes involving low temperature fluids. Overall the garnet pyroxenites 
have a range in O isotopes commensurate with an origin as polybaric derivatives of high 
temperature silicate (basaltic) melts whereas the eclogites deviate toward light and heavy 
oxygen possibly due to fluid processes having affected the protolith. 
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4.1 INTRODUCTION 
The advent of laser fluorination (LF) analytical techniques (see Appendix C) has permitted 
detailed analysis of the O isotope variation within rocks and minerals (Mattey & 
Macpherson 1993; Mattey 1997). With regard to the mantle system, work by Mattey et al. 
(1994) on olivine and clinopyroxene in peridotite demonstrated that the mean δ18O value 
for the Earth’s bulk mantle (i.e., olivine rich) has remained constant at δ18O = 5.5‰ 
throughout much of geological time. In contrast eclogite xenoliths show a much wider 
range in composition (δ18O = 2-9.5‰) which straddles and extends the range for 
peridotitic mantle. Such heterogeneity in O isotopes is not normally found in mantle 
systems and is more akin to what is observed at the Earth’s surface. For example 
metamorphic rocks and metamorphic waters have a significant range in δ18O ratios (fig. 
4.1) (Rollinson 1993) that compares favourably with the range observed in some mantle 
eclogites. For this reason it has been suggested that eclogites were derived from 
hydrothermally altered basaltic protoliths affected by both low and high temperature fluids 
(e.g., Gregory & Taylor 1981; Jacob et al. 2003). 
 
 
Figure 4.1 – Oxygen isotope reservoirs (after Rollinson 1993) using data from Taylor (1974), Onuma et al. (1972), 
Sheppard (1977), Graham & Harmon (1983) and Hoefs (1987). The vertical line represents the mantle value of 5.7 ± 
0.3 which is within error of the 5.5‰ ± 0.07 value for the bulk mantle value of Mattey et al. (1994) based on 
clinopyroxenes from spinel and garnet facies peridotites. 
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The major aims of this chapter are: 
(1) to determine the O isotope composition of the constituent minerals; 
(2) to evaluate any variation in the context of O isotope fractionation;  
(3) to assess the origin of metasomatic/secondary minerals;  
(4) to constrain the petrogenesis of the eclogites and pyroxenites. 
Oxygen thermometry studies will be presented in Chapter 05 in conjunction with other 
cationic thermobarometers.  
4.2 THE OXYGEN STABLE ISOTOPIC SYTEM 
As the most abundant chemical element in the Earth’s crust, oxygen is composed of three 
stable isotopes of masses 16 (99.762%), 17 (0.038%) and 18 (0.200%) (Lide & Frederickse 
1995; Faure & Mensing 2005). In the absence of radiogenic isotopes, the formation of 
different isotopes of oxygen is linked to the fact that the strength of covalent bonds 
increases with higher contents of the heaviest isotope that forms the molecule. This leads 
to higher stability as well as higher rates of diffusion for light isotopic molecules (Faure & 
Mensing 2005). This large difference in the masses of water molecules composed of 
different O isotopes leads to fractionation during condensation and evaporation of water 
(and vapour) in the natural environment (Gat 1984).  










Oδ  (eq. 4.1)
where the ratio of 18O/16O in the sample (Rspl) is calibrated against standard mean ocean 
water (SMOW, Rstd), recently replaced by current standard mean ocean water prepared by 
the International Atomic Energy Agency Vienna, V-SMOW, of 18O/16O = 0.0020052. 
Note that the fractionation of O isotopes between two phases can be a useful 
thermometer in conditions of equilibrium. This will be explored further in Chapter 05. 
As mentioned before, an important relationship is that the dependence upon the masses of 
molecules of water means that evaporated water will be enriched in the lightest molecules 
while condensed water will be enriched in the 18O isotope although the fractionation 
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factors will decrease with increasing temperature. Kinetics also affects the isotope 
fractionation at different rates. The best example is the gradual enrichment in δ18O in 
meteoric water described by Rayleigh fractionation (Rayleigh 1896). Air masses formed at 
equatorial regions become enriched in 18O with condensation as they proceed towards 
higher latitudes. The repetition of the process contributes to higher δ18O values in the 
remaining air masses and resulting meteoric water (rain/snow).  
4.2.1 VARIATIONS IN NATURE 
Figure 4.1 (after Rollinson 1993) displays the range of δ18O values found in nature. Despite 
the fact that these predate the establishment of more modern laser fluorination techniques 
of analysis, they still provide an insight into the processes which affect different lithologies. 
The reference line represents the bulk mantle oxygen composition (5.7 ± 0.3‰, Hoefs 
1997), which is within error of the more up-to-date value of 5.5 ± 0.7 ‰ of Mattey et al. 
(1994). It is clear that some lithologies are quite homogeneous (e.g., chondritic meteorites, 
sea water and Bulk Earth). In contrast, extreme heterogeneities are observed in meteoric 
water (light O) and metamorphic water (heavy O). Consequently, O isotopes can be 
modified were there is interaction with such waters. The exchange between minerals and 
fluids is of great importance as it can produce a large spread in isotopic oxygen 
composition in natural samples. This exchange can occur in three ways: (1) solution-
precipitation, (2) chemical reaction between fluid and solid, and (3) diffusion between 
crystal surface and fluid (Matthews et al. 1983 a, b, c; Giletti 1985). Such processes may be 
important in the context of mantle lithologies as they can occur before or after 
entrainment. However, it is also important to describe the way fractionation is achieved in 
silicate melts in the upper mantle. 
Magmatic rocks 
Primary magmatic rocks show a minor fractionation of O isotopes due to their high 
temperature of formation (Hoefs 1997). Taylor (1968) and Anderson et al. (1971) showed 
that the rapid cooling of volcanic rocks mitigates against the re-equilibration that normally 
occurs in slower cooling plutonic rocks, resulting in the preservation of higher fractionated 
ratios. As magmas cool it is apparent that fractional crystallization plays a minor role in 
modifying O isotope ratios. Theoretical models for closed systems predict enrichment in 
18O of about 0.4‰ for every 10 wt% increase in SiO2 content. At first glance this appears 
contradictory to what has been reported from volcanic rocks. Volcanic rocks from a 
variety of tectonic environments have a “substantial” variation in δ18O from 2.9 to 11.4‰ 
(Harmon & Hoefs 1995). However this range in O isotopes would have to be considered 
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in the light of (a) modern laser fluorination analysis of O isotopes which has highlighted 
issues related to the O yield during analysis, and (b) pre-eruption (recycling?) and post 
eruption (alteration) processes.  Studies of basalt-gabbro-peridotite sequences within 
ophiolites (DSDP/ODP projects) indicate that within the metamorphic facies variation 
(zeolite-greenschist-amphibolite facies) the initial oxygen isotope composition of the 
crustal rocks (δ18O = 5.5‰) have been affected in two distinct ways. Low-temperature 
weathering has increased the 18O content (i.e. toward heavier oxygen isotope ratios) in the 
groundmass of submarine basalts while hydrothermal circulation (over 300ºC) deeper into 
the crustal gabbros and peridotites has depleted the rocks in 18O content (i.e., toward 
lighter oxygen isotope ratios) (e.g., Gregory & Taylor 1981). A recent compilation of 
whole-rock δ18O isotope data from the oceanic crust (Thirlwall et al. 2006) shows a range 
in O isotopes from 2.0‰ to 19.2‰. The mean values tend to become heavier in oxygen 
(i.e., higher O isotope ratio) from the gabbros and sheeted dykes to the pillow basalts 
although there is some overlap. Although heterogeneous δ18O ratios are an indicator of 
marine alteration, they do not necessarily indicate a specific stratigraphic position in the 
oceanic crust (Jacob et al. 2003). 
Upper Mantle 
The complex history of melt extraction processes that affect the mantle results in chemical 
and isotopic heterogeneity. In high temperature systems such heterogeneity is more 
difficult to trace by means of stable isotopes when compared to radiogenic systems due to 
the smaller fractionation. However, the fact that low-temperature surface processes 
significantly affect the O system provides a useful way of tracing melts whose protolith 
may have been affected by low temperature processes (e.g., Gregory & Taylor 1981). Still, 
the systematic covariation between stable and radiogenic isotopes suggests that a common 
process is responsible for the upper mantle isotopic heterogeneity (Hoefs 1997).  
The oxygen isotope composition of mantle peridotites has been thoroughly studied by 
Mattey et al. (1994) using LF analyses of peridotites of different facies (spinel, garnet and 
diamond) and inclusions in diamond. They showed that δ18O values for olivines are 
homogeneous, averaging 5.18 ± 0.28‰ (2 sd), as are the bulk compositions of mantle 
peridotite averaging +5.5 ± 0.7‰. In addition, olivine inclusions in diamonds are similar 
to olivine in mantle peridotites. Their study allowed them to constrain mineral 
fractionations at Δ18Ocpx-olivine of 0.4‰, Δ18Oopx-olivine of 0.5‰ and Δ18Oopx-cpx of 0.1‰. In 
terms of the effects of fluids/metasomatism, there is no indication of extensive open-
system fluid-rock exchange. In general O isotopic equilibrium is reported and there is no 
difference between hydrous and anhydrous assemblages. As for eclogite xenoliths, there is 
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a considerable range in O isotopic ratios. This is interpreted as evidence that the precursor 
to eclogites was hydrothermally altered oceanic crust. (e.g., Jacob et al. 2003). Figure 4.2 
shows a compilation of published data for eclogites showing values of δ18O as low as 
+2‰ and reaching over 8‰. However, for some localities, the range of O isotopic values 
is much more restricted, overlapping the limits of mantle peridotites (e.g., Zero Kimberlite, 
Kuruman Province, Kaapvaal) (Jacob 2004; Schmickler et al. 2004). 
 
 
Figure 4.2 – Oxygen isotope data for worldwide eclogites after Schulze et al. (2003) and Jacob (2004). Ophiolite 
data presented for comparison. Mean mantle clinopyroxene value after Mattey et al. (1994).  
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4.3 O ISOTOPE DATA 
O isotope data are presented for major silicate phases from 22 samples, a series of replicate 
analyses for garnets and clinopyroxenes from Malaita and Roberts Victor (section 4.3.2) in 
table 4.1 and international standard data is presented in Appendix C (Table C.1). Data 
from Kimberley (samples DJ0295 and DJ0296) are from D. Jacob (personal 
communication). O isotope data for the samples analyzed is also presented in figure 4.3. 
4.3.1 MINERAL DATA 
Malaita 
Analyses of garnets (2 batches) and pyroxenes (3 batches) yield similar values within error. 
Garnets δ18O values are 5.83 and 5.85‰ and clinopyroxenes range from 5.78 to 5.89‰. 
These values are within the range for bulk peridotitic mantle (i.e., δ18O = 5.5 ± 0.7‰). 
Kakanui 
Clinopyroxene and garnet separates from sample 109647 show undistinguishable values 
(5.25 and 5.22‰), within the range for bulk peridotitic mantle (5.5 ± 0.7‰). Also a mica 
fraction presents a δ18O value equal to the average peridotitic mantle (5.57‰).  
Hawaii 
Hawaii is represented by two samples. One clinopyroxene-garnet pair (114762-1) shows 
the same values within error (5.34 and 5.35‰) while the clinopyroxene-garnet pair  from 
sample 114694-17 show higher fractionation (5.71 and 5.18‰), but still all the mineral 
phases are restricted to the bulk mantle range. Olivines in both samples have O isotope 
ratios of 5.01 and 5.06‰, within the mantle olivine value of Mattey et al. (1994) of 5.18 ± 
0.28‰ (2 sd)   
Chino Valley 
This locality is represented by three samples. Firstly, sample 13-91-8 contains minerals that 
show fractionation of 0.43‰ between garnet (6.32‰) and clinopyroxene (6.75‰). The 
second sample, 117200-144 did not have enough garnet for analyses, but the 
clinopyroxene has a δ18O of 6.65‰, which is similar to that of sample 13-91-8. The garnet 
in sample 12-97-100 has a δ18O of 8.69‰ which is one of the heaviest measured for an 
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eclogite/pyroxenite while the clinopyroxene analysis yields a much lower value of 7.33‰. 
All minerals from the three samples are higher than the bulk peridotitic mantle average. 
Roodekraal 
Two samples from this locality were analyzed for garnet-clinopyroxene pairs. While RDK1 
shows a very small fractionation between garnet and clinopyroxene, just outside the 
analytical error with values lower than the average peridotitic mantle (4.74 and 4.98‰ 
respectively), garnet and clinopyroxene in sample RDK2 are just within error (5.70 and 
5.81‰) and within the mantle range.  
Jachtfontein 
Although most of the samples are restrained to the mantle range, while sample JAR 20093 
shows no fractionation considering the analytical error (δ18Ogt = 5.76‰ and δ18Ocpx = 
5.84‰), sample JAR 20263 shows considerable fractionation (δ18Ogt = 5.42‰ and δ18Ocpx 
= 5.89‰). Mica is present in sample JAR 20093 yielding a value of 6.08, slightly higher 
than the range of the bulk mantle. 
Lovedale 
The two samples from this locality show a wide spread in δ18O. Sample JAR 02073 
contains garnet with mantle-like value (5.90‰) and heavier clinopyroxene (6.26‰) while 
sample JAR 02093 shows a smaller fractionation but generally much heavier δ18O ratios 
(8.46‰ for garnet and 8.63‰ for clinopyroxene), comparable to the very heavy 18O 
contents of the Chino Valley sample. Mica in sample JAR 02073 is mantle-like (δ18O = 
5.79‰). 
Roberts Victor 
This locality is represented by 6 samples. Replicate analyses of garnet and clinopyroxene 
range from one of the lowest values in this study (R30, δ18Ogt = 4.53‰ and δ18Ocpx = 
4.54‰), similar to the Kimberley sample DJ0296, through the mantle range up to δ18Ogt = 
6.60‰ and δ18Ocpx = 6.79‰ (DJ0288). Mica is present in three samples from which two 
show mantle-like values (5.30‰ for R30 and 5.75‰ for R8A) while sample DJ0287 shows 
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Kimberley 
Garnets are lighter than the mantle average (4.51‰ for DJ0296 and 4.74‰ for DJ0295) as 
well as the clinopyroxene in DJ0296 (4.67‰) while the mica in both samples are within 
error and mantle-like (5.35‰ for DJ0296 and 5.31‰ for DJ0295) (data after Jacob, 
unpublished). 
Bultfontein 
The websterite from Bultfontein (B21) is within the limits for peridotitic minerals in the 
mantle: clinopyroxene (5.48‰) is within error of the value of Mattey et al. (1994) of 
5.57‰ and mica (5.69‰) is within error of the bulk mantle value of 5.5 ± 0.3‰. Garnet is 
lighter than clinopyroxene (5.11‰) and orthopyroxene is heavier (6.01‰). A previous 
analysis of orthopyroxene of 5.33‰ was discarded due to the low yield (55%). 
 
Figure 4.3 – δ18O data according to tectonic setting. The two vertical grey lines define the mean value for mantle 
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4.3.7 REPLICATES AND ERRORS 
In an attempt to evaluate the behaviour of oxygen isotopes and alteration of primary 
mineral phases reported in Chapter 03 (Mineral Chemistry), samples from Roberts Victor 
and Malaita were studied in some detail. Fresh (clear) and altered (cloudy) garnet and 
clinopyroxene batches were selected for a replicate study. In figure 4.4 the garnets are 
divided into two groups, when possible: (I) which corresponds to the most optically clear 
(and comparable to the previously analysed separates) and (II) which represents an 
optically less fresh collection of crystals. For clinopyroxenes, separate (A) represents the 
fresh core as analysed while (B) corresponds to optically more clouded crystals believed to 
represent the altered rims. In the case of sample DEJ02 it was even possible to extend this 
separation further and to select a more altered assemblage of crystals (C).  
Except for sample DJ0288 (Roberts Victor) there is no difference in oxygen isotopic 
composition between the optically different garnet separates or between the first batch of 
analyses and the fresher fraction (A) of the second batch of analyses. In fact, the analyses 
are within analytical error of < 0.1‰ for samples with yield equal or higher than 95% 
(Mattey & Macpherson 1993). Optically different separates of clinopyroxene also yielded 
values within analytical error, except for sample DEJ02, where agreement with the 
previous analyses is not so precise. Out of the six samples in which the analyses of 
clinopyroxenes were repeated, only three show the same values (RG01 from Malaita, 
DEJ03 and DJ0287). While replicates from samples DJ0288 and R30 are different, one of 
the altered phases in DEJ02 (B) is similar to the previous analyses, but the lower yield of 
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Figure 4.4 – Replicate analyses for the Roberts Victor, Kimberley (DJ0295 and DJ0296) and Malaita (RG01) 
garnet pyroxenites and eclogites. Red circles represent garnets (I clear, II cloudy) and green squares represent 
pyroxenes (A clear, B cloudy and C very cloudy). Triangles represent micas. Kimberley data provided by Dorrit 
Jacob (personal communication) and analysed by Nathalie Grassineau at Royal Holloway.  
4.4 DISCUSSION 
4.4.1 CO-EXISTING SILICATES AND FRACTIONATION 
The fractionation between silicate minerals has been determined experimentally and is 





3 10ln10 ωα  (eq. 4.2)
where T represents the temperature in degrees Kelvin and A and B are factors computed 
by papers like Chiba et al. (1989) and Bottinga & Javoy (1975) and even Zheng (1993), 
who expands the equation to a third degree. This demonstrates that the fractionation 
between garnet and clinopyroxene favours 18O enrichment in the clinopyroxene, 
approaching unity at higher temperatures.  For spinel facies peridotites the fractionation 
effects are Δ18Ocpx-olivine = 0.4‰, Δ18Oopx-olivine = 0.5‰ and Δ18Oopx-cpx = 0.1‰ (Mattey et 
al. 1994) and so, the fractionation of garnet and clinopyroxene in the mantle must be 
smaller than that of olivine and clinopyroxene, i.e., 0.4‰. 
The correlation between temperature and fractionation of the cpx-garnet pair makes the 
determination of the error very important. In some circumstances the clinopyroxene yields 
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a value higher than garnet when in fact it should normally have a lower value. This may 
indicate that the temperature of equilibration is high and so the fractionation factor 
approached unity. Alternatively one could argue that the mineral pair (i.e., clinopyroxene-
garnet) is not in equilibrium. In the case in which replicate analyses of minerals yield 
different values (e.g., DJ0288 and R30), this may represent disequilibrium due to slow 
cooling (Rollinson 1993). The petrography of the garnet-pyroxene assemblages favours the 
idea of disequilibrium because in many instances the garnets are unaffected by alteration 
whereas the pyroxenes show zonation or core-rim variations in composition. Both cases 
can be assessed with a direct comparison with cation based thermobarometers (see 
Chapter 05).  
4.4.2 METASOMATISM 
Most of the co-existing micas are confined to the range for “peridotitic” mantle with only 
Roberts Victor sample DJ0287 and Jachtfontein JAR 20093 lying toward heavier oxygen 
values. The fluids responsible for the growth of these micas had a different source to that 
producing the majority of the micas in other eclogites and pyroxenites.  One can speculate 
that these eclogites may have been modified by metamorphic fluids similar to those 
involved in the hydrothermal alteration of shallow lithospheric rocks (McGregor & 
Manton 1986). 
Micas with O values identical to mantle peridotites are very different and their origin may 
well involve the migration of melts derived from polybaric melting of peridotite in the 
mantle. This could be a pre-entrainment phenomenon and involve proto-kimberlitic melts 
or be syn-entrainment and involve the host kimberlite. It is difficult to distinguish between 
these two.  
The replicate detailed study of samples from Roberts Victor and Malaita was undertaken in 
an attempt to characterise the variation in oxygen isotopic composition with the alteration 
of primary mineral phases (section 4.3.7) reported in the Mineral Chemistry chapter 
(Chapter 03). However due to the small fractionation values at higher temperatures and the 
analytical error the interpretation of the data is not straight forward. For example, although 
the clinopyroxene from DEJ02 shows the heaviest oxygen value in the most altered 
pyroxene (fig. 4.4) two other fractions (i.e., one fresh and one slightly altered) have 
identical O isotope ratios within error. Petrographic and mineralogical detail (chapters 02 
and 03) indicates that the pyroxene core to rim chemical zonation may have predated, or 
been synchronous with, the introduction of modal mica. Since most of the micas have 
mantle δ18O values, the net effect of mica metasomatism (K-rich) would have been to 
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convert the rock towards having an O isotope ratio similar to peridotitic mantle. The fact 
that the fluid introducing the mica had a mantle origin (δ18O = 5.55‰) indicates that the 
metasomatism was mantle in origin and, as such, was a pre- or syn-entrainment 
phenomenon. Post-entrainment alteration would have most likely involved crustal fluids 
with higher O isotope ratios. This is in agreement with the transformation of omphacitic 
pyroxene to augite/diopside which appears to have involved a kimberlite-like melt 
(Chapter 03).  
4.4.3 PETROGENESIS – HIGH AND LOW TEMPERATURE ORIGIN 
It is important to remember in the discussion of petrogenesis that the samples are from 
spatially different and tectonically distinct parts of the Earth – i.e. cratonic, circum-cratonic 
and oceanic settings (figs. 4.3 and 4.5). In addition, mineral chemistry (Chapter 03) 
supports the subdivision of the sample set into garnet pyroxenites and eclogites and that in 
some instances there seems to be evidence of retrograde modification of eclogite to garnet 
pyroxenite (Chapter 03) possibly involving the host kimberlite.  
Oceanic pyroxenites  
Traditionally garnet pyroxenites have been thought of in terms of polybaric processes 
involving basaltic/silicate melts (high temperature).  Oceanic/garnet-clinopyroxenites from 
Malaita, Hawaii and Kakanui have a range in δ18O = 5.2-5.8‰, in other words confined to 
the mantle average based on peridotite data (fig. 4.5). Co-existing garnet and pyroxene 
have very similar or identical O isotope ratios perhaps indicative of full equilibration at 
higher temperatures. Ishikawa et al. (2004) presented a model in which the garnet-
clinopyroxenites from Malaita are refractory rocks from a high temperature reaction 
between subsolidus peridotite and basalt and Sobolev et al. (2005) present similar ideas for 
pyroxenites from Hawaii. The O isotope data are supportive of the oceanic pyroxenites 
being derived from high temperature melts.  
Cratonic eclogites & garnet pyroxenites  
Cratonic eclogitic samples show a great diversity in O isotope composition straddling the 
peridotitic mantle value with a range of δ18O = 4.53-8.63‰ (figs. 4.3 and 4.5, Table 4.1). 
Roodekraal, Jachfontein and Lovedale are craton margin localities and while each locality 
has eclogites that lie within the range of peridotitic mantle, Roodekraal has light O values 
and Lovedale displays some of the heaviest O values reported for eclogitic minerals. 
Roberts Victor and Kimberley are within craton samples where the Roberts Victor samples 
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display a wide range in δ18O = 4.53-6.79‰ and Kimberley presents light O isotope 
compositions (δ18O = 4.51-5.35‰). When compared with the abundance of on-craton 
eclogite data from South Africa (e.g., Schulze et al. 2003; Jacob 2004; Schmickler et al. 
2004) (fig. 4.5), the on-craton data presented herein exhibits heavier oxygen values but 
does not have samples with as light oxygen as previously reported from Roberts Victor 
(MacGregor & Manton 1986). 
Overall the extreme heterogeneity in O isotopes straddling the peridotitic mantle value 
conveys the complexity of mantle processes recorded in eclogites and pyroxenites. In some 
cases petrogenesis may have involved protoliths/processes that imparted (a) a mantle O 
signature on these rocks (e.g., melt extraction) and/or, (b) heterogeneous O isotope 
signatures possibly indicative of low and high temperature processes. It is important to 
note that O isotope values similar to those of the mantle are present in the oceanic crust 
(see the compilation in Thirlwall et al. 2006) hence the existence of eclogites with “mantle” 
signatures at virtually every on-craton locality. However some eclogite protoliths are 
known to have been exposed to secondary processes (e.g., McGregor & Manton 1986) and 
undoubtedly these processes have modified the O isotope, especially in localities like 
Roberts Victor where eclogites are abundant. 
As mentioned before, the wide range of values for some eclogite sets has been compared 
to those of known ophiolites and taken as support for a correlation between eclogites and 
oceanic crust because such a range of O isotope values can best be explained (at present ) 
by hydrothermal alteration at different temperatures (e.g., Gregory & Taylor 1981). 
Nevertheless, there are still cases in which the conclusion is not so obvious as for eclogites 
from the Zero Kimberlite (Kuruman Province, Kaapvaal Craton, South Africa, Schmickler 
et al. 2004). The values of δ18O are all mantle-like, ranging from 5.18 to 5.47‰. The 
authors suggest that this may not completely exclude seawater interaction. They invoke 
either: 
(1) an origin for the protolith outside the reach of circulating seawater which would limit 
the precursor to mafic to ultramafic protoliths,  
(2) contamination by crustal material, which would require special contamination to result 
in such a limited range in O isotopes.  
(3) temperatures and/or water/rock ratios insufficient to result in change in δ18O which 






 (4) heterogeneities in the alteration profile due to existence, or not, of fractures which 
would leave some areas of the oceanic crust unaltered, again requiring special 
circumstances.   
The Jachtfontein eclogites are another example of the complex nature of eclogites. They 
have O isotope compositions that lie within the mantle array and yet their trace element 
patterns (Chapter 06) reveal the existence of a plagioclase-bearing protolith (i.e., recycled 
oceanic crust). The problem is that a high temperature origin deeper in the mantle does 
not fit with a plagioclase-bearing protolith, and a lower crustal or recycled origin does not 
fit with the limited range in O isotopes. This will be explored further in subsequent 
chapters.   
Circum-cratonic eclogites and pyroxenites  
Circum-cratonic samples from Chino Valley have high O isotope ratios (δ18O = 6.32-
8.69‰) well outside the range for peridotitic mantle (figs. 4.3 and 4.5, Table 1). When 
compared to other garnet-pyroxene assemblages in the literature (fig. 4.5), these samples 
show a good correlation with those from other off-craton localities like the Orapa 
Kimberlite in Botswana between the Kaapvaal and the Zimbabwe cratons, the Sloan 
Kimberlite in the Wyoming Craton in the USA and La Ceniza Kimberlite in Venezuela 
(Schulze et al. 2003; Jacob 2004). A craton-margin sample from Lovedale (JAR 02093) also 
shows extremely high O isotope ratios.  So clearly heavy oxygen can be generated on-
craton and off-craton in eclogites/pyroxenites by similar processes.  
Bowers & Taylor (1985) have modelled the isotopic composition of a seawater 
hydrothermal system showing that at lower temperatures the δ18O value of fluids decreases 
as a result of formation of 18O rich alteration products and that at higher temperatures 
(above 250ºC) the solution reaches more positive values after reaction with basalt (ca. 2‰ 
at 350ºC). However, as shown in figure 4.1 (Rollinson 1993), fluids derived from 
dehydration of minerals during metamorphism can show positive values of up to around 
25‰. Additionally, Gao et al. (2006) show that heavier bulk δ18O compositions are 
favoured in slow-spreading ridges while fast-spreading ridges tend to show depleted or 
MORB like values. The reason for this difference is mostly to do with more seawater 
penetration in the lower crust as a result of detachment faults and shear zones in slow-
spreading ridges.  
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With the exception of the extremely heavy sample from Lovedale, craton samples tend to 
show a lower range of values than that observed for Chino Valley (fig. 4.5). Some of the 
most remarkable differences between the evolution of the Chino Valley area (Transition 
Zone between the Colorado Plateau and Basin and Range provinces) and the Kaapvaal 
Craton concerns the shallow angle of subduction of the Farallon plate and the later 
compression and extension events in the Cenozoic (Coney & Reynolds 1977; Bird 1988; 
Coney 1987) prior to emplacement of the kimberlites (Nealey & Sheridan 1989).  
Therefore, the longer residence time of the subducting slab at shallower depths and 
structural disturbances of the area may have allowed for extensive interaction of the 
subducting crust with 18O enriched fluids. This will be evaluated further in Chapter 05 in 
terms of oxygen isotopes and cationic thermobarometers.  
Cratonic peridotite  
The garnet pyroxenite/websterite from Bultfontein has values similar to peridotitic mantle 
minerals studied by Mattey et al. (1994): δ18Ocpx = 5.48‰ and δ18Omica = 5.69‰. As such 
the pyroxenite may have originated by high temperature melt extraction or melt reaction 













 04 OXYGEN ISOTOPES
 
Figure 4.5 – Oxygen isotope data for this study and for worldwide eclogites after Schulze et al. (2003) and Jacob 
(2004). Ophiolite data presented for comparison. Mean mantle clinopyroxene value after Mattey et al. (1994). 
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4.5 CONCLUSIONS 
(1) Silicate phases in eclogites and garnet pyroxenites from various tectonic settings have a 
range in O isotopes of 4.51‰ to 8.69‰. 
(2) Garnet-clinopyroxenites from oceanic (Malaita, Hawaii & Kakanui) and websterites 
from cratonic settings (Bultfontein) have a range in O isotopes similar to peridotitic 
mantle. This is consistent with a high temperature origin (i.e., equilibrated O) involving 
either derivation directly from silicate melts or by reaction between melts and peridotite.  
(3) Eclogites and garnet clinopyroxenites from within craton have a much wider O isotope 
variation which is not consistent with a simple high temperature origin.  Lower 
temperature processes are needed and these could have occurred either as (a) a “basaltic” 
protolith altered at low temperatures and subducted to form eclogite with a range in O 
isotopes or (b) eclogite retrograded to garnet pyroxenite pre- or syn-entrainment thus 
retaining heterogeneous O isotopes in garnet pyroxenite. Fractionation between co-
existing silicates suggests isotopic disequilibrium, to be evaluated in Chapter 07. 
(4) Eclogites from circum-cratonic setting (Chino Valley), display a range of very heavy 
δ18O, possibly related to extensive interaction with fluids facilitated by tectonic and 
structural constraints.  
(5) δ18O ratios of micas support the petrological and mineralogical evidence of chemical 
zonation (core-rim) reported in the Mineral Chemistry section. It does appear that much of 
this retrograding is triggered by entrainment in the kimberlite or proto-kimberlite at mantle 
pressures and temperatures. 
(6) Oceanic domains seem to be dominated by garnet pyroxenites with a high temperature 
origin involving basaltic melts whereas cratons appear to be dominated by eclogites which 
have retained evidence of a complex pre-history and/or been retrograded to pyroxenite by 
interaction with kimberlite.  
(7) Very heavy O isotope ratios are reported herein for eclogites from Chino Valley 
(8.69‰ for garnet) and Lovedale (8.63‰ for clinopyroxene and 8.43‰ for garnet), only 
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  Date Sample Weight %O Yield δ18OC 
MALAITA             
 RG01 16/08/2005 CPX 1532 43 100 5.78 
  16/08/2005 CPX 1635 43 100 5.89 
  15/03/2006 CPX 1732 44 95 5.83 
  15/02/2005 GT 1744 43 99 5.85 
  15/02/2005 GT 1652 43 99 5.83 
SOUTH AFRICA            
BULTFONTEIN       
 B21 30/03/2006 CPX 1770 43 95 5.48 
  15/03/2006 GT 1804 43 97 5.11 
  15/03/2006 MICA 1853 43 98 5.69 
  15/03/2006 OPX 1693 43 55 5.33 
  15/03/2006 OPX 1837 44 90 6.01 
KIMBERLEY       
 DJ0295*   GT       4.74 
    MICA       5.31 
 DJ0296*   CPX       4.67 
    GT    4.51 
    MICA       5.35 
ROBERTS VICTOR       
 DEJ02 07/09/2005 CPX 1394 43 97 5.97 
  07/09/2005 CPX 1475 43 82 5.72 
  07/09/2005 CPX 1728 43 89 6.30 
  28/03/2006 CPX 1715 44 94 5.74 
  02/11/2004 GT 1804 43 99 5.90 
  02/11/2004 GT 1761 43 97 5.84 
  07/09/2005 GT 1578 43 95 5.75 
 DEJ03 06/09/2005 CPX 1615 43 97 6.37 
  06/09/2005 CPX 1677 43 95 6.43 
  07/09/2005 CPX 1734 44 94 6.43 
  15/02/2005 GT 1730 43 96 6.42 
  15/02/2005 GT 1820 43 98 6.35 
  06/09/2005 GT 1563 43 97 6.17 
 DJ0287 05/09/2005 CPX 1739 43 102 6.43 
  05/09/2005 CPX 1554 43 98 6.45 
  06/09/2005 CPX 1582 44 96 6.27 
  02/11/2004 GT 1791 43 96 6.38 
  02/11/2004 GT 1703 43 101 6.35 
  05/09/2005 GT 1303 43 99 6.23 
  05/09/2005 MICA 1888 42 92 6.62 
 DJ0288 05/09/2005 CPX 1666 44 93 6.48 
  06/09/2005 CPX 1720 43 99 6.79 
  06/09/2005 CPX 1742 43 85 6.70 
  02/11/2004 GT 1699 43 96 6.40 
  02/11/2004 GT 1830 43 98 6.60 
  06/09/2005 GT 1885 43 91 6.43 
 
Table 4.1 – δ18O data for all samples corrected for standard runs (assumed error of 0.1‰). *1 Data for Kimberley 
samples provided by Dorrit Jacob (personal communication) and analysed by Nathalie Grassineau at Royal 
Holloway (continues). 








  Date Sample Weight %O Yield δ18OC 
 R8A 17/08/2005 CPX 1815 43 92 5.68 
  18/08/2005 CPX 1754 43 99 5.66 
  17/08/2005 GT 1609 43 100 5.46 
  17/08/2005 MICA 1584 42 92 5.75 
 R30 02/11/2004 CPX 1669 43 101 4.79 
  15/03/2006 CPX 1675 44 97 4.54 
  02/11/2004 GT 1636 43 99 4.61 
  18/08/2005 GT 1710 43 101 4.60 
  18/08/2005 GT 1745 43 98 4.53 
  18/08/2005 MICA 1664 42 90 5.30 
LOVEDALE       
 JAR 02073 15/03/2006 CPX 1732 43 97 6.26 
  15/03/2006 GT 1829 43 88 5.90 
  15/03/2006 MICA 1580 42 93 5.79 
 JAR 02093 15/03/2006 CPX 1646 43 81 8.63 
  28/03/2006 GT 1831 43 90 8.46 
JACHTFONTEIN       
 JAR 20093 30/03/2006 CPX 1645 42 95 5.84 
  30/03/2006 GT 1788 43 97 5.76 
  30/03/2006 MICA 1331 43 98 6.08 
 JAR 20263 30/03/2006 CPX 1757 43 84 5.89 
  28/03/2006 GT 1610 43 93 5.42 
ROODEKRAAL       
 RDK-1 17/08/2005 CPX 1650 43 97 4.98 
  15/03/2006 GT 1751 43 95 4.74 
 RDK-2 15/03/2006 CPX 1762 43 97 5.81 
  15/03/2006 GT 1665 43 97 5.70 
CHINO VALLEY             
 13-91-8 28/03/2006 CPX 1769 43 95 6.75 
  30/03/2006 GT 1691 43 94 6.32 
 12-97-100 28/03/2006 AMPH 1708 43 95 7.33 
  28/03/2006 GT 1802 43 88 8.69 
 117200-144 28/03/2006 CPX 1706 43 91 6.65 
HAWAII               
 114762-1 30/03/2006 AMPH 1758 44 92 5.71 
  30/03/2006 GT 1371 43 94 5.18 
  30/03/2006 OL 1658 43 91 5.01 
 114694-17 28/03/2006 CPX 1821 43 96 5.34 
  30/03/2006 GT 1625 43 98 5.35 
  30/03/2006 OL 1712 43 93 5.06 
KAKANUI             
 109647-7 28/03/2006 CPX 1774 42 85 5.25 
  28/03/2006 GT 1594 43 90 5.22 
  28/03/2006 MICA 1798 43 91 5.57 
 










Temperatures and pressures of equilibration have been evaluated by means of both cation 
exchange and oxygen isotope thermobarometers/thermometers. Despite the many sources 
of errors that can affect the calculations, notably the dependence on the determination of 
the oxidation state of Fe for cation exchange based thermometers and the amplification of 
the magnitude of the analytical error for oxygen isotope based thermometers, the data 
compares favourably with published values for similar lithologies from the same localities. 
The reported data suggest that samples from oceanic settings originated within the 
lithosphere at around 1000-1100ºC. Craton/craton margin samples show a more complex 
history of subduction and polybaric metamorphism. For both settings the oxygen isotopic 





The evaluation of temperatures and pressures of equilibration in eclogites is conditioned to 
their limited parageneses. Furthermore, the extensive array of pyroxene compositions (e.g, 
omphacite, diopside, augite) would require the use of different coefficients. This approach 
is complicated by the lack of experiment measurements, mostly for diopside and at 
temperatures higher than commonly observed in the lithosphere (Smith and Baron 1991). 
Even when this diffusion calculations are performed they fail to lead to reliable 
conclusions. For example, Harte and Cayzer (2007) calculated a rate of 1.2 cm/y for Si 
diffusion in diamond inclusions and compared to estimates for the rate of upward 
convective flow and plume flow within the asthenosphere. Since these rates vary from 1 to 
100 cm/y, Harte and Cayzer (2007) suggested that their own conclusions were speculative 
because of this difference of 2 orders of magnitude. 
 Therefore, the methods available for this study are restricted solely to the calculation of 
temperatures according to garnet-clinopyroxene cationic diffusion rate thermometers and 
oxygen isotope systematics. 
In the presence of other phases like orthopyroxene, not only temperatures but also 
pressures of equilibration can be calculated by appropriate thermobarometers (e.g., Brey & 
Köhler 1990). However, for the remaining garnet-clinopyroxene assemblages an estimation 
of the respective pressures can be achieved by extrapolation of pressure-dependent 
temperature calculations towards a known adequate geotherm.  
This chapter will attempt to determine temperatures and, where possible, pressures of 
formation of these samples while dealing with the limitations and restrictions of the 
available methods. 
5.2 CATION THERMOMETRY 
5.2.1 METHOD AND LIMITATIONS 
Ellis & Green (1979) calibrated a thermometer for garnet and clinopyroxene based on the 
cationic diffusion of Fe2+ and Mg, which has been lately fitted into a third-order 
polynomial equation by Krogh (1988), in order to account for effects of the Mg number in 
garnets. More recently, Krogh Ravna (2000) presented a calculation procedure which took 




& Köhler (1990) calibration was applied, yielding both temperatures and pressures of 
equilibration. 
The main limitation of the Krogh Ravna (2000) and other garnet-clinopyroxene 
thermometers lies in its dependence on the Fe2+ content of the minerals. Since microprobe 
analyses are unable to differentiate between the two oxidation states of Fe, the results are 
stated in terms of Fetotal. Even though this problem can be approached by means of some 
mineral-specific stoichiometric formulations for the calculation of Fe2+, like that of 
Lindsey (1986) or the general equation of Droop (1987), the inherent uncertainties and 
errors substantially affect the reliability of the results. Both over- and underestimation of 
Fe2+ has been shown to make a difference of 250ºC in calculated values (e.g., Canil & 
O'Neil 1996, McCammon et al. 1998, Galazka-Friedman et al. 1998, Sobolev et al. 1999 
and Proyer et al. 2004). 
The presence of the Ca-Eskola component reported for clinopyroxenes in Chapter 03 
complicates the assessment of the Fe2+/Fe3+ content (e.g., Schmid et al. 2003, Proyer et al. 
2004) and exacerbates these problems. Firstly, the standard mineral formula recalculation 
method does not allow for vacancies in the structure and secondly, the amount of vacancy 
in the structure can hardly be differentiated from analytical inaccuracy nor calculated 
without a consistent determination of the Fe3+ content. Conversely, the Fe3+ content 
cannot be calculated from stoichiometry if the Ca-Eskola component is undetermined 
(Proyer et al. 2004). Using more precise Mössbauer spectroscopy, Proyer et al. (2004) 
showed (for a series of ultra-high pressure eclogites from Dabie Shan, China) that the Ca-
Eskola component could account significantly for the total structure of the pyroxenes at 
0.035 ± 0.016 pfu, emphasizing the importance of the evaluation of this end-member.  
Yet, all these calculations must take into consideration that the mineral phases are in 
equilibrium, that is, that the diffusion rates of all elements are maintained until closure 
temperatures (Proyer et al. 2004). Nevertheless, this may not be true for all minerals as 
Smith & Baron (1991) show that Ca and Fe diffusion continues to temperatures lower 
than that of Al in orthopyroxene.   
Finally, in the lack of a barometer for those samples composed primarily of garnet and 
clinopyroxene, the only way to estimate a pressure of formation/cooling is to extrapolate 
the possible temperatures onto an appropriate geotherm. However, while the calculation 
of geotherms involves an extensive number of parameters, some of which are generalised, 
the complexity of the subcontinental lithospheric mantle (SCLM) is reflected by significant 




models by means of specific information on mantle rock types, spatial relationships and 
distribution (O'Reilly & Griffin 2006). One way around the uncertainties of model 
geotherms is the use of xenolith- and xenocryst-derived paleogeotherms which constrain 
the geotherm at the time of entrainment (e.g., O'Reilly & Griffin 2006).  
5.2.2 DATA 
Malaita 
Because of the lack of a phase that can be used as a barometer for the Malaita garnet-
clinopyroxene, the sample has been evaluated in the light of data presented by Ishikawa et 
al. (2004) on a range of mantle xenoliths from Malaita, including peridotites and garnet- 
and spinel-pyroxenites (fig. 5.1). Ishikawa et al. (2004) applied the Brey & Köhler (1990) 
thermobarometers (both two pyroxene and Ca-in-opx calculations) for peridotites and the 
Ellis & Green (1979) and Krogh (1988) thermometers for orthopyroxene-free samples 
(spinel-garnet-clinopyroxenites – SGC, and garnet clinopyroxenites – GC). All their results 
lay within the stability field of garnet lherzolite in both natural and CMAS systems, 
although the spinel-bearing samples spread throughout the whole range of temperatures of 
garnet-bearing peridotites. They concluded that the spinel peridotites were equilibrated in 
the garnet lherzolite field and that the presence of garnet is a result of a shift in the spinel-
garnet boundary due to different bulk composition.  
Their P-T trend obtained by a regression of the data calculated by the Brey & Köhler 
(1990) method is similar to a calculated one-dimensional heat-flow model and distinguishes 
the suite of rocks between low temperature spinel-bearing peridotites and pyroxenites and 
garnet-websterites and high temperature garnet-pyroxenites. For them, the resulting 
geotherm represents conditions at the time of the eruption of the host alnöite.  
Extrapolation of a pressure dependent line for sample RG01 intercepts the referred 
geotherm at 1100-1200ºC and 28 to 29 Kbar (fig. 5.1). Interestingly this data point plots 
midway between the field of garnet-clinopyroxenites (GC fig. 5.1) and spinel-garnet-
clinopyroxenite samples (SGC fig 5.1) but at lower temperatures (and hence pressures) 
than the garnet clinopyroxenites analysed by Ishikawa et al. (2004). This can be explained 
by a combination of factors: first, the difference between the two thermometers used since 
the Krogh Ravna (2000) thermometer applied for sample RG01 tends to yield lower 
temperatures than the Ellis & Green (1979) thermometer used by Ishikawa et al. (2004) 




overestimating the final temperatures by overlooking the Fe3+ content. Still, RG01 and the 
remaining samples show no other great discrepancies.  
 
 
Figure 5.1 – Estimated temperature and pressure for sample RG01 (Malaita) using the Krogh Ravna (2000) 
thermometer. Geotherm and spinel-garnet-clinopyroxenite (SGC) and garnet-clinopyroxenite (GC) fields for 
samples from Malaita as reported by Ishikawa et al. (2004) using the Brey & Köhler (1990) barometer and 
Ellis & Green (1979) thermometer. 
New Zealand 
Due to the lack of geotherms or thermobarometric data for xenoliths from Kakanui, an 
alternative approach had to be considered. Zack et al. (1997) present a partition coefficient 
set for garnet pyroxenites from the same locality and since their patterns are consistent 
with published experimental data, their 920ºC calculated temperature at a pressure of 15 
Kbar using the Ai (1994) method will be used for comparison. Thus, sample 109647-7 
yields a temperature of 1021ºC at 15 Kbar using the Krogh Ravna (2000) formulation, 
which correlates well to the value of Zack et al. (1997) keeping in mind the inaccuracies 
resulted from imprecise value for pressure and other calculations (eg., Fe3+ content).  
On the other hand, as mentioned in Chapter 03, sample 20271 contains majoritic garnet 
and is then unsuitable for the application of the garnet-clinopyroxene thermometers. 
Nevertheless, Collerson et al. (2000) developed an empirical geobarometer for majoritic 




regressions of pressure versus composition. It consists of two formulas, one based on Si 
content and the other based on Al  + Cr content, which seem to agree to better than 1 
GPa: 
( )SiGPaP ×+−= 97.187.50)(  (eq. 5.1)
or 
( )CrAlGPaP +×−= 06.97.23)(  (eq. 5.2)
The Malaita majorite-bearing xenoliths range from 9.5 GPa to 22 GPa while application of 
these equations to sample 20271 results in a value of 12.0 GPa (based on Si) and 12.3 GPa 
(based on Al + Cr). This offers the possibility that the Kakanui sample is ultradeep in 
origin.  
Hawaii 
Temperature and pressure of equilibration of the spinel-bearing garnet-pyroxenites from 
Salt Lake Crater in Hawaii can be calculated by the two-pyroxene themobarometer of Brey 
& Köhler (1990), yielding values of 1013ºC and 9 Kbar for sample 114762-1 and 1000ºC 
and 9.3 Kbar for sample 114694-17 (table 5.1). These values are identical to those obtained 
using the Brey & Köhler (1990) calculations based on Ca-in-opx and Na in opx/cpx (table 
5.1). Between the samples, these values are indistinguishable but slightly lower than 
estimations for sample 114762-1 using the Krogh Ravna (2000) thermometer (dashed lines 
in fig. 5.2).  
Sen et al. (2005) also report data for samples from the Salt Lake Crater and Kaau-Pali-
Kalihi vents (fig. 5.2). Using a combination of different thermometers and a single 
barometer (Brey & Köhler 1990, Ellis & Green 1979, Wells 1977, Krogh 1988, Ganguly et 
al. 1996), they report values around 829 to 1023ºC at 11 Kbar for spinel-bearing xenoliths 
with garnet-bearing xenoliths at 2-3 GPa, suggesting an origin in the lower lithosphere (i.e., 
spinel-to garnet stability field). Conversely, Frezzotti and Peccerillo (2007) present analyses 
of fluid inclusions in diamond-bearing garnet clinopyroxenites from the Salt Lake Crater 
indicating the formation of these rocks at much lower depths of over 150 km. This is 
evidence of the polybaric character of the population sampled by the Hawaiian volcanism. 
The samples in this study have lower temperatures (ca. 200ºC difference) and pressures 
(ca. 15 Kbar difference) than garnet-pyroxenites and garnet-peridotites from Salt Lake 
Crater. One can conclude that they have a shallower origin in the plagioclase peridotite 
stability field but still within error from the lower limits of the spinel peridotite stability 






 P BKN / T BKN P BKN / Ca-OPX P BKN / Na 
 T (ºC) P (Kb) T (ºC) P (Kb) T (ºC) P (Kb) 
HAWAII             
114762-1 1013 9.0 963 7.3 1046 10.3 
14694-17 5 
Table 5.1 ures d pressures calculated for mples fro  Hawaii usin he thermo rometers of Brey 
& Köhle
 
1 1000 9.3 942 7.3 1061 11.
       





Figure 5.2 – Estimated temperatures and pressures for samples from Hawaii based on the Brey & Köhler (1990) 
thermobarometer, dashed lines representing respective pressure-dependent lines using the Krogh Ravna (2000). 
Remaining data from Salt Lake Crater and Kaau-Pali-Kalihi vents from Sen et al. (2005) using the thermomete  rs
and barometers of Brey & Köhler (1990), Ellis & Green (1979), Wells (1977), Krogh (1988) and Ganguly et al. 






Four samples from Chino Valley were evaluated by means of the Krogh Ravna (2000) 
yroxene thermometer with pressures set at values of 10, 20, 30 and 40 Kbar 
et al. (1994). This dataset includes websterites that were classified as low 
r different 
ule Ear, Moses Rock, Cane Valley, Garnet Ridge, Buell Park, Green Knobs and 
garnet-clinop
due to the lack of geotherms calculated from the regression of similar xenoliths in the 
literature (table 5.2). Sample 13-91-5 shows the lowest temperatures with a limited range 
from 84ºC at 10 Kbar to 154ºC at 40 Kbar, followed by sample 117200-144, which ranges 
from 311ºC at 10 Kbar to 422ºC at 40 Kbar. For this sample, averages of the rim of the 
minerals were also used in an attempt to evaluate the equilibrium of the rock and the 
resulting values are practically indistinguishable from the previous values calculated from 
the unaltered cores (table 5.2). Sample 117200-141 has both a wider range of values at a 
higher average, from 728ºC at 10 Kbar to 914ºC at 40 Kbar and is indistinguishable from 
the values related to the altered rim of the minerals (table 5.2). Finally, sample 12-91-100 
yields a temperature of 736ºC for an established pressure of 10 Kbar and 929ºC at 40 
Kbar. 
The samples analysed herein can be compared to a similar data set from Chino Valley of 
Smith 
temperature (600-700ºC, 12 to 24 Kbar) and high temperature (ca. 900ºC, 20 to 24 Kbar) 
by means of different thermometers and barometers (i.e., Brey & Köhler 1990; Smith & 
Baron 1991; Harley 1984a, b; and Krogh 1988). However, since Al may show a higher 
closure temperature than Ca, Fe and Mg, these authors consider these pressures as 
minimum depths for this suite. For those samples which were orthopyroxene-free 
(eclogites and amphibole-rich rocks), they applied the garnet-clinopyroxene thermometer 
of Krogh (1988) with pressures set at 20 Kbar, an intermediate value for their websterites. 
This resulted in a range similar to that of the websterites of about 600 to 850ºC. 
With this data in mind, it seems reasonable to establish the pressure of formation at 
around 20 Kbar for the samples in this study since the resulting temperatures fo
pressures are mostly invariable (table 5.2). However absurdly low temperatures result for 
two samples - around 100ºC for sample 13-91-5 and around 350ºC for sample 117200-144. 
Despite this the other samples, 117200-141 and 12-97-100 show better accordance with 
published values (Smith et al. 1994). The fact that both the rim and the core show similar 
values (e.g., 117200-141 and 117200-144) suggests re-equilibration following a secondary 
process.  





Red Mesa), concluded that the protolith of these xenoliths was a fine-grained foliated rock, 
probably a blueschist reaching peak metamorphic conditions ranging from 560 to 700ºC at 
3 GPa and to 600 to 760ºC at 5 GPa. In light of Sr, Nd and Pb isotopic data, Usui et al. 
(2006) also suggested that the protolith would correspond to part of the Farallon plate 
metasomatised by large amounts of fluids in the fore-arc region prior to the high-grade 
metamorphism and lately followed by retrograde metamorphism of eclogite xenoliths 
during emplacement in the Tertiary. 
Thus, it looks feasible to associate the low temperatures of samples 13-91-5 and 117200-
144 to re-equilibration during emplacement while possibly samples 117200-141 and 12-97-
 
P (Kb) 
100 may well still represent the conditions of prograde metamorphism. 
13-91-5 12-97-100 117200-144 117200-144* 117200-141 117200-141* 
10 84 736 311 332 728 743
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th  differe sures. Th  indicates calculations using t alyses of th f mineral p .  
outh Africa 
riffin (2006) established a xenolith/xenocryst-based geotherm for Group I 
kimberlites from SW Africa (640 garnets from 11 kimberlites) based on the equilibration 
ocryst geotherm for Group I kimberlites in the SW Kaapvaal Craton 
approximates 40 mW/m2 surface heat flow geotherm, setting the lithosphere-
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temperature of Ni in garnet-olivine pairs and the Cr geobaromether for garnet-chromite 
pairs in peridotites. The advantage of this method is that it can be applied to single garnet 
grains due to the recent advances in laser ablation spectrometry. Even though this method 
can not be applied to eclogitic garnets as they have not been in equilibrium with olivine, it 
provides a robust paleogeotherm which can be used to extrapolate the pressure-dependent 






asthenosphere boundary (LAB) at about 1100ºC (ca. 170Km) by means of analyses of Y 
content in garnet. 
OBERTS VICTOR R
es from Chino Valley, not only the averages of the homogeneous cores 
were used in the calculations but, whenever possible, averages of the rims of garnet and 
287, 
DJ0287-rim and R8A were extremely low compared to the local geotherm, signalling 
As for the sampl
clinopyroxene were also used in order to evaluate equilibrium throughout the phases.  
Temperatures calculated with the Krogh Ravna (2000) thermometer for samples DJ0
resetting by events other than emplacement (fig 5.3). Sample R30 intercepts the geotherm 
at the lowest temperature of the set (675ºC at 25 Kbar), followed by sample DJ0285 
(710ºC at 28 Kbar). Sample DEJ03 records a higher temperature (975ºC at 42 Kbar) while 
sample DEJ02 has a temperature of 1315ºC at 66 Kbar. Calculations using the average 
values for the rim of minerals for samples DEJ02, DEJ03 and R30 cluster between the low 
(R30 and DJ0285) and high (DEJ03 and DEJ02) temperature samples, at around 835ºC 
and 34 Kbar (780ºC at 32 Kbar, 800ºC at 32 Kbar and 875º at 36 Kbar, respectively). 
Despite the restricted number of samples, this agreement in P-T values indicates that this 
may represents the condition of pre- to syn-emplacement metasomatism since this 





Figure 5.3 – Estimated temperatures and pressures for samples from Roberts Victor using the Krogh Ravna 
(2000) thermometer. Paleogeotherm established by O'Reilly & Griffin (2006) by regression from xenoliths of the 
Kaapvaal Craton. (*) represents calculations using analyses of the rim of the mineral phases. Samples DJ0287, 
DJ0287 (rim) and R8A do not intercept the geotherm. 
KIMBERLEY 
The intersection of the pressure-dependent values of Krogh Ravna (2000) with the 
paleogeotherm results in a much hotter set of conditions, 1490ºC at 79 Kbar for sample 
DJ0296 and 1590ºC at 86 Kbar for sample DJ0295 (fig. 5.4). Sample DJ0295 also shows 
rims of alteration around the mineral phases, and calculation using the average of those 
values also confirms a high temperature-high pressure location (1350ºC at 55 Kbar) where 





Figure 5.4 – Estimated temperatures and pressures for samples from Kimberley using the Krogh Ravna (2000) 
thermometer. Paleogeotherm established by O'Reilly & Griffin (2006) by regression from xenoliths of the 
Kaapvaal Craton. (*) represents calculations using analyses of the rim of the mineral phases.  
JACHTFONTEIN 
Except for sample JAR 20093, which shows temperatures much higher than those of the 
geotherm for the Kaapvaal Craton, all samples are restricted to an interval of 800 to 980ºC 
(fig. 5.5). The lowest temperature corresponds to sample JAR 20093 (800ºC at 32 Kbar), 
followed by sample JAR 20113 (940ºC at 40 Kbar). Samples JAR 20273 and JAR 20263 
yield equal values of 980ºC at 43 Kbar. The rim of minerals in sample JAR 20273 provide a 
slightly lower temperature of 890ºC (37 Kbar) and the rim of minerals in sample JAR 
20263 shows a temperature similar to that related to the cores (950ºC at 41 Kbar). Still, 
both results from the analysis of rim material are within the limited range of values for 
core analyses of all samples, suggesting that these temperatures are representative of pre- 





Figure 5.5 – Estimated temperatures and pressures for samples from Jachtfontein using the Krogh Ravna (2000) 
thermometer. Paleogeotherm established by O'Reilly & Griffin (2006) by regression from xenoliths of the 
Kaapvaal Craton. (*) represents calculations using analyses of the rim of the mineral phases. Sample JAR 20093 
(rim) does not intercept the geotherm.  
LOVEDALE 
The range of values for samples from Lovedale is much wider than that for the previous 
locality, straddling from 970ºC to 1300ºC (fig. 5.6). The lowest temperature corresponds to 
sample JAR 02023 (970ºC at 42 Kbar), followed by sample JAR 02073 (1050ºC at 47 
Kbar), JAR 02153 (1070ºC at 55 Kbar) and finally sample JAR 02093 (1300ºC at 65 Kbar). 
The analyses of the rim of the phases also result in a wide range of values which are usually 
lower than their core counterpart (660ºC at 25 Kbar for sample JAR 02153, 950ºC at 41 
Kbar for sample 02073 and 1060ºC at 54 Kbar for sample JAR 02093), the only exception 
being sample JAR 02023, which is mostly indistinguishable from the values yielded by core 
analyses (1020ºC at 45 Kbar). This suggests that sample JAR 02023 has been completely 




sample JAR 02073 keeping in mind all errors involved in the estimation of these 
temperatures, as previously mentioned.  
 
Figure 5.6 – Estimated temperatures and pressures for samples from Lovedale using the Krogh Ravna (2000) 
thermometer. Paleogeotherm established by O'Reilly & Griffin (2006) by regression from xenoliths of the 
Kaapvaal Craton. (*) represents calculations using analyses of the rim of the mineral phases.  
ROODEKRAAL 
The samples from Roodekraal show a similar variation but along an overall lower 
temperature range (fig. 5.7). Sample RDK1 yields a temperature of 660ºC at 24 Kbar, 
followed by samples RDK2 and JAR 42313 (800ºC at 32 Kbar and 810ºC at 32 Kbar, 
respectively) and sample JAR 42163 (920ºC at 39 Kbar). The results related to altered rims 
of the mineral phases for samples RDK2 and JAR 42163 are similar to the correspondent 
values from core-analyses (820ºC at 33 Kbar for RDK2 and 990ºC at 44 Kbar for JAR 




geotherm. Once again, this suggests that these temperatures are representative of pre- to 
syn-emplacement metasomatism.  
 
Figure 5.7 – Estimated temperatures and pressures for samples from Roberts Victor using the Krogh Ravna 
(2000) thermometer. Paleogeotherm established by O'Reilly & Griffin (2006) by regression from xenoliths of 
the Kaapvaal Craton. (*) represents calculations using analyses of the rim of the mineral phases. Sample JAR 
42313 (rim) does not intercept the geotherm. 
BULTFONTEIN 
The presence of orthopyroxene in samples 713 and B21 allows the use of the Brey & 
Köhler (1990) thermobarometer (table 5.3). In light of the inconsistency within the results 
of the different thermometers, the values from the two-pyroxene thermometer are taken to 
be more reliable, which establishes a temperature of 738ºC at 22.0 Kbar for sample 713 
and 940ºC at 19.6 Kbar for sample B21. These values place sample 713 within error of the 
geotherm for the SW Kaapvaal Craton, while sample B21 is displaced toward higher 
temperatures (fig. 5.8). Also, there is no agreement with the pressure-dependent 




lines), which suggests disequilibrium among mineral phases in these rocks.  It is possible 
that both were affected by polybaric melt transfer processes during entrainment. 
 
 P BKN / T BKN P BKN / Ca-OPX P BKN / Na 
 T (ºC) P (Kb) T (ºC) P (Kb) T (ºC) P (Kb) 
BULTFONTEIN             
713 738 22.0 826 26.5 828 26.6 
B21 940 19.6 808 11.1 923 18.5 
       
Table 5.3 – Temperatures and pressures calculated for samples from Bultfontein using the thermobarometers of 
Brey & Köhler (1990). 
 
 
Figure 5.8 – Estimated temperatures and pressures for pyroxenites from Bultfontein using the Brey & Köhler 
(1990) thermobarometer. Dashed lines represent the respective pressure-dependent temperature curves using the 
formulations of Krogh Ravna (2000). Paleogeotherm established by O'Reilly & Griffin (2006) by regression from 




5.3 OXYGEN ISOTOPES 
5.3.1 METHOD AND LIMITATIONS 
As summarised by Chacko et al. (2001), thermometry using stable isotope geochemistry 
refers to the thermodynamically based estimation of the dependence of 18O/16O 
fractionation between calcium carbonate and water (Urey 1947). Since then, fractionation 
data has been derived not only from theoretical calculations but also from other 
approaches like direct laboratory experiments, semi-empirical bond-strength models and 
measurement of fractionation in natural samples. Bond-strength methods depend on the 
relationship between strength and isotopic fractionation and include the site-potential 
method of Smyth & Clayton (1988) and the increment method (including the effects of 
cation mass) of Zheng (1993). Among examples of natural sample calibration is that of 
Bottinga & Javoy (1975), but it is believed that this method may not apply to samples that 
have cooled slowly from high temperatures (Chiba et al. 1989). 








where T represents the temperature in degrees Kelvin and A and B are factors computed 
from the calibrations above. For these samples, the calibration of Zheng (1993) is 
preferred since it expands the equation to a third degree.  
Similar to cation exchange thermometers, equilibration requires three pre-conditions 
(Valley 2001): 
(1) The sample must be equilibrated by a specific event and compositions “frozen-in”. 
Thus, at the scale of measurement, minerals should not contain growth zonation or 
retrograde alteration; 
(2) Analysis of the isotope ratio is accurate at the appropriate scale; 
(3) Isotope fractionation is sufficiently sensitive to temperature and is accurately 
calibrated, including the effects of solid solution, mixed fluids, and pressure. 
Among these conditions it is important to notice that the concept of closure temperature 
can also be applied to stable isotopes. This, in short, states that diffusion is only slowed 
during transition to the closure temperature in which exchange effectively ceases. Also, 




heterogeneity. Deformation can also enhance isotope exchange due to recrystallization and 
the presence of fluids. Finally, water fugacity also affects equilibration as hydrothermal 
systems show greater diffusion rates than anhydrous ones.  
 As discussed in Chapter 04, the advances in the development of the laser-fluorination 
method require a smaller amount of sample allowing for the analyses of the most optically 
clear mineral fractions (core) which can then be used in the calculation of temperatures of 
equilibration. Since optically different fractions from Roberts Victor samples had already 
been collected and analysed in order to evaluate oxygen isotope homogeneity and 
equilibration throughout the samples (Chapter 04), the same samples can be used for 
establishing temperatures of equilibration (see below).  
However, the analytical error plays a major role in defining palaeotemperatures because 
uncertainties at higher temperatures result in an error of 500ºC (fig. 5.9) (e.g., at 1000ºC 
the range is 750ºC to 1250ºC). Furthermore, higher temperatures are a direct result of 
smaller fractionations and at about 2000ºC fractionation approaches unity. Therefore 
extremely high calculated temperatures do not necessarily represent real “hot” 
environments. As a consequence, calculated temperatures of around 1500ºC are at best 
equivocal (fig. 5.9) because the analytical error of 0.1‰ at 1500ºC can represent any 
temperature between ca. 1250 and 2000ºC.  
5.3.2 DATA 
Core Data 
Table 5.4 presents temperature data for all optically clear (core) fractions, ranging from 
around 700ºC to over 2000ºC. The same data is displayed in figure 5.10 in a plot of δ18O 






Figure 5.9 – Effects of the established analytical error of 0.1‰ over temperature estimates.  
 
 δ18O T δ18O CPX Δ (|cpx-gt|) T (ºC)
MALAITA RG01 5.83 5.78 0.05 2839
SOUTH AFRICA      
BULTFONTEIN B21 5.11 5.48 0.37 932
KIMBERLEY DJ0296 4.51 4.67 0.16 1425
ROBERTS 
VICTOR 
DEJ02 5.84 5.97 0.13 1537
  DEJ03 6.35 6.37 0.02 2142
  DJ0287 6.35 6.43 0.08 1765
  DJ0288 6.60 6.79 0.19 1327
  R8A 5.46 5.66 0.20 1298
  R30 4.53 4.79 0.26 1142
LOVEDALE JAR 02073 5.90 6.26 0.36 948
  JAR 02093 8.46 8.63 0.17 1391
JACHTFONTEIN JAR 20093 5.76 5.84 0.08 1765
  JAR 20263 5.42 5.89 0.47 794
ROODEKRAAL RDK-1 4.74 4.98 0.24 1190
  RDK-2 5.70 5.81 0.11 1621
CHINO VALLEY 13-91-5 6.32 6.75 0.43 844
  12-97-100 8.69 7.33 1.36 ---
HAWAII 114762-1 5.18 5.71 0.53 727
  114694-17 5.35 5.34 0.01 2395
KAKANUI 109647-7 5.22 5.25 0.03 2069





Figure 5.10 – Oxygen isotope fractionation dependent estimations of temperature based on the method of Zheng 
(1993).  
MALAITA 
Sample RG01 plots over the reference line for 2000ºC, with a fractionation value of 0.05‰ 
(fig. 5.10, table 5.4), which suggests that the oxygen isotopic system has been opened and 
homogenised and, so, that the temperature calculated is not meaningful.  
HAWAII  
Of the two samples from Hawaii, sample 11694-17 also displays no fractionation yielding a 
dubious temperature of over 2000ºC (fig. 5.10, table 5.4). However, sample 114762-1 plots 
at a much lower value of 727ºC. Graphically, the error can be estimated in about 250ºC.  
KAKANUI 
As for samples RG01 and 11694-17, sample 109647-7 also shows no fractionation which 






The calculation of a temperature for sample 12-91-100 was compromised as it displays 
extreme values of δ18O (fig. 5.10, table 5.4). However, sample 13-91-8 presents a 
temperature of 844ºC, which seems to be well constrained between the minimum of 750ºC 
and the maximum of 1000ºC in terms of error.  
ROBERTS VICTOR 
Samples from Roberts Victor show a wide range in values, including one sample with no 
fractionation and temperature over 2000ºC (DEJ03, fig. 5.11, table 5.4). The exclusion of 
this sample restricts the set to temperatures from 1142ºC to 1765ºC. The lowest value 
corresponds to sample R30 (1142ºC), followed by sample R8A (1298ºC), DJ0288 
(1327ºC), DEJ02 (1537ºC) and finally sample DJ0287 (1765ºC), which broadly 
corresponds to the relative error of a sample at 1300ºC.  
KIMBERLEY 
Sample DJ0296 yields a temperature of 1425ºC (fig. 5.10, table 5.4). This corresponds 
roughly to a value in the range of 1250ºC to 1750ºC according to the established analytical 
error.  
JACHTFONTEIN 
Two samples from Jachtfontein show very different values. While sample JAR 20093 
approaches the area of restricted fractionation at a calculated value of 1765ºC, sample JAR 
20263 yields a much lower estimation of 794ºC. Because of the lower value, the error is 
confined to a much more restricted range of around 750ºC to 1000ºC.  
LOVEDALE 
The two samples from Lovedale show much resemblance with the samples from Chino 
Valley as sample JAR 02093 displays an unusually high value for δ18O in garnet and 
clinopyroxene while sample JAR 02073 is placed within a more usual set of values (table 
5.4). While sample JAR 20273 shows a temperature of around 948ºC, which is within error 
from Chino Valley sample 13-91-8, it was possible to calculate a temperature for sample 
JAR 02093 of 1391ºC (fig. 5.10, table 5.4). The error of both samples overlaps between 





Sample RDK1 yields a temperature of 1190ºC while sample RDK2 approaches the area of 
little fractionation with a temperature of 1621ºC (fig. 5.10, table 5.4). The error ranges for 
both samples overlap at 1250ºC to 1500ºC, but the high temperature/reduced 
fractionation of sample RDK2 complicates the evaluation of these temperatures. 
BULTFONTEIN 
Sample B21 plots easily at the value of 932ºC (fig. 5.10, table 5.4), which reflects an error 
range of around 750 to 1250ºC.  
CORE vs. RIM 
As described in Chapter 04, a variety of optically different mineral separates from Malaita 
and Roberts Victor were analysed in an attempt to evaluate the existence or not of 
equilibrium throughout the phases. Since mineralogical and oxygen analyses (chapters 03 
and 04) now corroborate the association of optically clear fractions with the core of the 
phases and clouded fragments with the respective altered rims, temperatures were 
calculated from the different combinations of mineral pairs (i.e., core-core, core-rim and 
core-core). 
All of the combinations for sample RG01 (Malaita) yielded values close to and over 
2000ºC, and this is understood as representing complete homogenization of the oxygen 
isotope systematic through rim and core. However, samples from Roberts Victor range 
from near 750ºC to over 2000ºC. Figure 5.11 displays the core-core temperatures (squares) 
and the temperatures calculated for the remaining possible combination of values (circles) 
for each sample. Firstly, sample R8A cannot offer much information due to the limited 
number of available analyses (2). However, all the remaining samples show a great range of 
temperatures, all sets of values reaching over 2000ºC.  
Although all garnet analyses of the same sample are within error, both clinopyroxene and 
garnet seem to affect the resulting temperatures. Clinopyroxene seems to be more 
important in creating the range of temperatures which starts at around 1125ºC in sample 
R30 as well as for sample DEJ02, which ranges from 750ºC to over 2000ºC, while for 
sample DEJ03 it seems that garnet is responsible for the range of 1125ºC to over 2000ºC. 
Yet, both clinopyroxene and garnet seem to affect the calculated temperatures for samples 
DJ0287 (starting at around 1250ºC) and DJ0288 (starting at around 820ºC). Also, the core-




rim-rim temperatures as well as there is no consistency in the non-fractionated values 
representing rim temperatures.  
5.4 DISCUSSION 
During the calculation of the different temperatures, both using the cation exchange and 
oxygen isotope thermometers, it became evident that samples tend to compare well with 
published data from the literature.  
Oceanic settings 
The cation exchange thermometers yield similar temperatures for the samples from 
oceanic settings (i.e., Hawaii, New Zealand and Malaita) of around 1000 to 1100ºC. The 
sample from Malaita has a higher inferred pressure (ca. 28 Kbar) compared to 9-15 Kbar 
for the other locations (fig 5.2). The Hawaiian and Malaitan samples plot within the 
plagioclase-spinel (Hawaii) and garnet (Malaita) stability fields. The pressure estimations 
for the majorite-bearing xenolith from New Zealand (20271) yield a much higher value 
than that for ordinary mantle type garnets within the range for known majorite-bearing 
xenoliths, reinforcing the suggestion of a majorite component in Chapter 03 (Mineral 
Chermistry). 
Circum-cratonic  
Temperatures calculated for samples from Chino Valley tend to be slightly lower than that 
of oceanic samples, averaging ca. 800ºC for the same range of pressures as those calculated 
for oceanic samples. Nevertheless, core and rim values are similar, which may represent re-
equilibration after a secondary process which may be responsible for some of the much 
lower temperatures observed (< 350º C). 
Cratonic 
The situation at craton/craton margin localities is more complex. A large number of 
samples yield temperatures that are within error of those provided by analyses of the relict 
cores, averaging around 789ºC (both core and rim analyses). Yet, for most of Roberts 
Victor core temperatures tend to straddle a range of values but the rim analyses are 
confined to a more constant temperature averaging 647ºC. In fact, if samples that are only 
characterised by core-temperatures are used, a considerable spread in temperatures (core) 
is observed for most of the localities of the Kaapvaal Craton (Roodekraal, Lovedale and 




Oceanic-circum-cratonic-cratonic settings  
Oxygen data has previously been used to distinguish between samples from oceanic 
settings and craton/craton margin localities assuming that continental margins are 
characterised by accreted lithosphere with a subduction related origin (Chapter 04). In 
terms of temperature calculations, samples from oceanic settings (Malaita, Hawaii and New 
Zealand) show no fractionation of oxygen isotopes between garnet and clinopyroxene, 
which is represented by a misleading temperature of over 2000ºC. The agreement between 
the cation exchange based temperatures values with published data suggests that these can 
be taken to represent the temperature of equilibration of these rocks. This indicates that 
the oxygen isotopic system has been lately re-homogenized, possibly in the presence of 
mantle melts as suggested in Chapter 04. Alternatively, any issues detected with 
temperature calculations based on cation exchange thermometers (diffusion of Fe, Mg and 
Mn) should indicate overall issues with the diffusion of other elements, i.e., unachieved 
equilibrium. Evaluation of trace element data and patterns and a comparison with data 
from literature in Chapter 05 may reinforce the establishment of the cation exchange based 
temperatures as representative of equilibrium.  
Despite the magnitude of the analytical errors, the absolute values of the oxygen isotope 
based temperature assessment for core fragments from Kimberley, Jachtfontein, Lovedale 
and Bultfontein are similar to their correspondent cation exchange based temperatures, but 
higher for samples from Chino Valley, Roberts Victor and Roodekraal. The fact that the 
Bultfontein sample (B21) has been shown to be out of equilibrium with the local geotherm 
and that for Kimberley, Jachtfontein and Lovedale the cation exchange based temperatures 
calculated for rim and core analyses are similar (thus, indicating equilibrium) indicate that 
the oxygen isotopic system has been reset by the same fluids responsible for the formation 
of the rims (at about 800ºC). The same can be applied for Chino Valley, Roodekraal and 
Roberts Victor, although Roberts Victor shows a lower temperature of re-equilibration at 
about 650ºC. 
The T-P profile during subduction seems to be well assessed at the present moment and a 
recent review can be found in Rumble et al. (2005). The final condition of subduction 
corresponds to ultra-high pressure (UHP) metamorphism, which is defined by the 
occurrence of coesite and diamond (typically as inclusions) in regional eclogite-facies 
metamorphic rocks, with the lower limit conditions established at 2.7 GPa and 600ºC, 
eventually reaching over greater depths as the presence of relict majoritic garnet may 
indicate (Rumble et al. 2005). Most importantly, Kd data has been used to indicate that 




despite the higher temperatures, xenoliths show similar clinopyroxene/garnet Kd 
behaviour to those massifs (Rumble et al. 2005). A major fact is that, as textural, chemical 
and isotopic evidence shows, fluid mobility is limited during prograde metamorphism and 
thus is the interaction with the protolith (Rumble et al. 2005).  
The data presented for the craton/craton margin samples can be well correlated to the 
model described above. General trends of cation exchange based core temperatures 
indicate a polybaric process straddling the lower limits for UHP metamorphism down to 
the lithosphere-asthenosphere boundary (LAB), which is typically set at about 180km and 
1200-1300ºC (1100ºC for the Kaapvaal Craton, O'Reilly & Griffin 2006). Oxygen data for 
garnet and clinopyroxene reinforce this idea as opposed to a mantle origin of these rocks 
(Chapter 04).  
Cation exchange temperatures for the rims and oxygen systematics reflect further re-
equilibration at lower temperatures due to metasomatism. Temperatures calculated from 
rim analyses are equivalent to calculations from analyses at the contacts of garnet and 
pyroxene for similar samples from Roberts Victor (Harte and Cayzer 2007) at around 
800ºC, indicating re-equilibration with the kimberlite host. This zonation observed in 
clinopyroxene but absent in garnet can be understood as representing the stabilization of 
AlVI in a less compact fourfold structure at lower pressures with the conversion of 
omphacite to diopide/augite. The coordination of Al is not an issue with garnets and so no 
zonation is observed.  
The origin of these melts can be inferred from the data presented: 
(1) Oxygen data for most of the co-existing micas reported in Chapter 04 suggest 
hydrothermal alteration by fluids of mantle origin, either pre-emplacement (proto-
kimberlite) or syn-emplacement (host kimberlite). 
(2) The temperature of equilibrium for this process seems to be relatively uniform.  
(3) Rocks with similar original mineralogy (Chapter 03) have different degrees of 
alteration, which is probably an effect of the amount of liquid present and duration of the 
process. 
Even though some pre-emplacement metasomatism cannot be completely excluded, the 
idea of resetting by the host-kimberlite is favoured. The limited temperature range for the 
rims may reflect the temperature of equilibration with the kimberlite (average of 1000ºC) 








The main points of the thermobarometric evaluation of the samples can be summarised as 
follows: 
(1) Temperatures and pressures calculated for oceanic settings indicate equilibration within 
the spinel and garnet peridotite stability fields (1000-1100ºC at pressures of 9-15 Kbar and 
28 Kbar), followed by resetting of the oxygen based temperatures by the host 
basalt/alnöite during emplacement. 
(2) Pressure estimations for a sample from Kakanui, New Zealand (20271) reinforce the 
suggestion of majoritic composition of the garnet. As such the sample may be ultradeep. 
(3) The Hawaiian samples appear to have formed in the plagioclase stability field, much 
shallower than much of the published data. The Malaitan garnet clinopyroxenite plots 
between the spinel and garnet stability fields defined by published data. 
(4) Samples from cratonic and circum-cratonic settings display a more complex history 
consisting of polybaric metamorphism of the subducted slab to UHP conditions. This 
complexity is recorded in the formation of alteration rims and resetting of oxygen isotope 
based temperatures by the host kimberlite during emplacement.  
(5) The Chino Valley circum-cratonic samples include low to high temperature samples 
consistent with published data. 
(6) The South African cratonic samples define a range of intra-lithospheric temperatures 
and inferred pressures from the garnet stability field to the base of the lithosphere. A 
garnet websterite lies on the 40 mW/m2 geotherm.  
(7) Errors can be introduced into the calculations of cation exchange based temperatures 
and pressures from a variety of sources (e.g., estimation of the Fe3+ content of samples 
associated with the presence of vacancies in the structure of the minerals, i.e., Ca-Eskola 
component in clinopyroxenes). 
(8) Oxygen isotope based thermometers are less reliable because the analytical error 
produces a large range in calculated temperatures.  
 








Trace element concentrations were analysed by Laser Ablation ICP-MS and ion 
microprobe (SIMS). Concentration data, mineral and whole rock normalised patterns are 
all within the range of worldwide eclogites and pyroxenites, and some show profiles similar 
to the most extreme in the literature (e.g., Jacob 2004). The data indicates that the main 
protoliths were (i) subducted oceanic crust (e.g., Jacob et al. 2003), (ii) residues after partial 
melting of subducted oceanic crust (e.g., Jacob & Foley 1999; Barth et al. 2001) and (iii) 
metasomatised mantle wedge (e.g., Pearson et al. 1993). Additionally, metasomatism by 
kimberlite-like melts result in strongly wavy patterns (e.g., Ireland et al. 1994). 
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6.1 INTRODUCTION 
Trace elements behave differently throughout igneous processes, largely controlled by 
melt/mineral partition coefficients, and metamorphic processes, in which the resulting 
patterns are a function of the mineral phases present. Hence, trace element data has been 
used to define the nature of the protolith for various mantle rocks (e.g., Jacob & Foley 
1999; Barth et al. 2001; Barth et al. 2002b; Jacob et al. 2003; Schmickler et al. 2004). Harte 
& Kirkley (1997) showed that garnets and clinopyroxenes in equilibrium have opposing 
Rare Earth Element (REE) patterns. Trace element abundances in garnets are heavy REE 
enriched (HREE) and light REE (LREE) depleted as the latter partition into 
clinopyroxene. Most trace elements are substituting in [8]-fold coordinated Ca-bearing 
sites in clinopyroxene and garnets.   
Unlike minerals the evaluation of whole rock patterns can be problematic. Barth et al. 
(2001) showed that addition of ~ 5% host kimberlite can significantly affect the whole 
rock patterns. Consequently actual whole rock concentrations are not used and 
recalculated whole rock data is based on mineral analyses. This can generate uncertainties 
due to incorrect modal analyses especially for minerals like rutile and apatite. Rutile is an 
accessory phase where high field strength elements (HFSE) like Zr, Hf, Ti and Nb are 
strongly compatible and, thus, the presence of this phase in very small amounts will affect 
the concentrations of HFSE (e.g., Jacob & Foley 1999; Rudnick et al. 2000; Barth et al. 
2001). Even though under- or overestimation of the rutile content in the whole rock may 
represent challenges to the evaluation of the whole rock systematics, Jerde et al. (1993) 
showed that uncertainties in the mode of garnet and clinopyroxene in eclogites did not 
affect the REE pattern. By recalculating whole-rock compositions for different 
garnet:clinopyroxene ratios, they demonstrated that the overall shape of the REE patterns 
was maintained. This is of great importance to the study of eclogites and garnet 
pyroxenites because most of the samples are coarse-grained and unrepresentative because 
of their often limited size.   
Trace elements have been shown to display different patterns according to the processes 
which the protoliths have experienced, e.g., a subducted-slab or magmatic cumulate. The 
expected behaviour of trace elements during subduction has been summarised by Barth et 
al. (2001). Elements like the HREEs, Y, TiO2, and Al2O3 are immobile and occur in much 
lower concentrations in hydrothermal fluids than in the oceanic crust (Ridley et al. 1994). 
Low-temperature processes in the oceanic crust do not affect the HFSE but these 
elements can be dissolved in high-temperature hydrothermal solutions and can precipitate 
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as secondary rutile (Ridley et al. 1994). During shallow subduction most crust remains 
significantly unaltered with the exception of H2O, K, and Rb. In deeper subduction the 
HFSE and HREE tend to partition into rutile and garnet (Brenan et al. 1995; Stalder et al. 
1998) in a rutile-bearing eclogitic residue (Rapp et al. 1999; Foley et al. 2000). 
Another important feature that is commonly used as evidence of origin from an oceanic 
crust protolith is the presence of Eu anomalies. Barth et al. (2001) reported on positive Eu 
anomalies in kyanite-bearing eclogites and negative Eu anomalies in graphite-bearing 
eclogites from the low-MgO series of Koidu (Sierra Leone). This was used as evidence of 
accumulation and fractionation of plagioclase and, thus, a shallow crustal origin. In 
contrast, Jacob & Foley (1999) used positive Sr and Eu anomalies and flat HREE profiles 
in rutile-free xenoliths from Udachnaya (Siberia) to propose an origin as plagioclase-
bearing plutonic rocks.  
Unfortunately all these features can be masked by pre-, syn- or post-entrainment 
metasomatism. Diamond solid inclusions (DI) within eclogite xenoliths from the Siberian 
Craton (Ireland et al. 1994) showed compositional differences between the inclusions and 
the host kimberlite. The eclogite showed REE patterns similar to other eclogites from 
Siberia and even Roberts Victor. That represents enrichment of the LREE contents and 
increase in the Mg# in comparison to the DI. Since the DI are isolated from exchange and 
re-equilibration with the metasomatic fluid, it may preserve the original composition of the 
eclogite.  As a result, recalculated whole rock patterns for the metasomatised eclogite host 
showed a ‘double hump’ pattern (fig. 6.1). In this situation, the most likely fluid to be 
involved in the metasomatism process is a kimberlitic melt, which has a high Mg# and is 
strongly depleted in LREE. Barth et al. (2002b) showed, within the same set of samples of 
the high-MgO Koidu rocks, evidence of both metasomatic enrichment that occurred 
shortly prior to the eruption of the host kimberlite as well as ancient metasomatism by, 
possibly, passing-by kimberlitic magmas.  
As summarized by Pearson et al. (2005), garnets from eclogite xenoliths in general tend to 
be LREE-depleted and relatively unfractionated in terms of HREE. (La)n values can be as 
low as 0.001, (Yb)n can reach up to 50 and small positive europium anomalies are usually 
present. Jacob (2004) showed that worldwide data can be divided into two groups of 
eclogites according to their REE patterns (fig. 6.2). The first group are more depleted in 
LREE and can show extreme enrichment in HREE. The second group has nearly flat 
HREE and positive Eu anomalies and is more common in eclogite xenoliths containing 
coesite, kyanite and/or corundum.  
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Clinopyroxenes have convex-upwards REE patterns enriched in LREE. (La)n varies 
around approximately 1 to 15 and (Yb)n varies between 0.1 and 1.5. It has been noted that 
for the Koidu samples, the jadeite content of the clinopyroxenes tends to correlate with 
the extent of the HFSE anomalies and REE patterns in the garnets (Barth et al. 2001). As 
for garnets, worldwide clinopyroxenes can also be divided into a moderately LREE 
enriched group, which may show positive Eu anomalies when coexisting with garnets that 
show the same feature, or samples that are very LREE depleted (Jacob 2004) (fig. 6.2).  
Xenoliths from different locations can show similar patterns, e.g., between the low-MgO 
series of Koidu (Barth et al. 2001) and Roberts Victor (Harte & Kirkley 1997). In this case, 
the small differences in garnet-clinopyroxene partition coefficients can be related to 
different equilibrium temperatures of the two suites (Barth et al. 2001). Conversely, the 
Koidu rocks are a good example in which the same kimberlite host can sample suites of 
different origin that are not necessarily related in time and space (Barth et al. 2001; Barth et 
al. 2002b).  
Many eclogite xenolith suites show evidence in support of a ‘magmatic’ origin for the 
protolith. The rutile-free eclogites from Udachnaya (Siberia) show LREE depletion, very 
low HFSE abundances, flat HREE profiles and positive Sr and Eu anomalies (Jacob & 
Foley 1999). This is interpreted as indicative of a plagioclase-bearing protolith formed in 
magma chambers within the oceanic crust (Jacob & Foley 1999; Barth et al. 2002b) (fig. 
6.3). Also the Zero kimberlite in the Kuruman group, Kaapvaal Craton, can be explained 
as fractionation of a picritic magma at shallow depths in the Archean oceanic crust 
(Schmickler et al. 2004). Most interesting are the two suites of Koidu xenoliths (Barth et al. 
2002b) (fig. 6.4). The first suite, a low-pressure suite, is believed to have originated as 
gabbros and layered intrusions with flat HREE patterns and positive Sr anomalies. These 
are different from a second suite that has fractionated HREE patterns that may be 
representative of garnet-clinopyroxene cumulates at high pressures. These are similar to 
pyroxenite veins in ophiolites.  
Nevertheless, suites like the low-MgO Koidu samples have been used in order to 
strengthen the idea of an origin for these rocks as subducted oceanic crust (fig. 6.3). The 
evidence includes (i) the low Mg#s and Ni contents that are lower than those observed in 
primary melts; (ii) occurrence of kyanite and corundum, which would otherwise react with 
peridotites at high pressures; (iii) positive Eu anomalies in kyanite-bearing eclogites and 
negative Eu anomalies in graphite bearing eclogites which suggest accumulation and 
fractionation of plagioclase and, thus, a shallow crustal origin as mentioned above and (iv) 
oxygen isotopic ratios straddling mantle values (Barth et al. 2001).  
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Reconstructed whole rock REE patterns show LREE depletion, flat HREE, high Sr/Nd 
and a positive Nb anomaly. This can be explained by partial melting of the protolith during 
subduction since partial melting of the slab would result in loss of the LREE while most of 
the Nb and HREE would remain in garnet and rutile, respectively (Barth et al. 2001). This 
model as a residue after partial melting of the subducting slab is strengthened by the 
evidence that the Koidu low-MgO rocks are complementary in composition to the West 
African TTG suite (Barth et al. 2001) and, hence, creates a link between subduction and 
the formation of Archean continental crust (Ireland et al. 1994; Rudnick et al. 2000; Barth 
et al. 2001; Pearson et al. 2005).  
REE patterns are also variable among other mantle pyroxenites (fig. 6.5). As summarised 
by Bodinier & Godard (2005), both possible interpretations of the origin of these rocks are 
supported by evidence from different groups of pyroxenites. The origin as high-pressure 
segregates from melts, like for some pyroxenite xenoliths, supported by HREE 
fractionation from a garnet residue. Conversely, some features like positive Eu anomalies 
in garnet pyroxenites from Ronda and Beni Bousera may support the ‘marble cake’ model 
of Allègre & Turcotte (1986) (Kornprobst et al. 1990). 
In general, dikes and veins, which represent crystal segregates precipitated in magma 
conduits, are enriched in LREE and MREE relative to HREE (Bodinier et al. 1987) but 
LREE-depleted pyroxenite dikes may occur (Rivalenti et al. 1995). Positive Eu anomalies 
are present in olivine gabbro veins from LP orogenic peridotites and ophiolite (Bodinier et 
al. 1986). 
Replacive pyroxenites, representative of melt reactions with peridotite, usually show 
convex-upward patterns like those in the Caussou massif (Eastern Pyrenees) representative 
of clinopyroxene-forming reactions (Bodinier et al. 1988; Fabriès et al. 1989), while the 
Ronda pyroxenites are depleted in LREE relative to HREE. Deformed pyroxenites, 
conversely, can be interpreted as segregation of partial melts from the host peridotites, in 
which the REE pattern is similar to that of the peridotites. Some other deformed 
pyroxenites can be interpreted as residues after partial melting of previous pyroxenites 
layers (e.g., Ronda) or as high-pressure segregates crystallized as dikes in the lithospheric 
mantle or in a mantle wedge above subduction zone (Bodinier et al. 1987; Sautter & 
Fabriès 1990; Mukasa et al. 1991; Pearson et al. 1993; Takazawa et al. 1999). These rocks 
show HREE fractionation and HREE/MREE ratios and HREE contents much greater 
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6.2 AIMS 
The aims of this chapter are: 
(1) to determine the trace element composition of the constituent minerals and whole 
rocks; 




Figure 6.1 – Whole rock REE data for diamond inclusions within eclogite host presenting a wavy or ‘double-
hump’ pattern and pre-metasomatic model data (from Ireland et al 1994). 
 
Figure 6.2 – REE patterns for (a) garnets and (b) clinopyroxene worldwide (from Jacob 2004). Garnets show two 
extremes: (i) extreme LREE depletion and (ii) flat HREE profiles with positive Eu anomalies. Clinopyroxenes patterns 
are usually convex-upward, but some show enrichment in LREE. 
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Figure 6.3 – Typical trace element patterns for eclogite xenoliths worldwide [examples from Udachnaya, Siberia – 
Jacob & Foley (1999) – and the low-MgO series from Koidu, Sierra Leone – Barth et al. (2001)]. Adapted from 




Figure 6.4 – REE patterns for the high-MgO series from Koidu, Sierra Leone (Barth et al. 2002b). 
 
144
 06 TRACE ELEMENTS
 
Figure 6.5 – REE patterns for orogenic pyroxenites and peridotites (from Bodinier & Godard 2005). 
6.3 DATA 
Trace elements were analysed by LA-ICPMS in Mainz, Germany, with the exception of 
sample RG01, from Malaita, which was analysed by ion-microprobe in Edinburgh. 
Samples from Hawaii, New Zealand and some samples from Chino Valley could not be 
analysed by laser ablation due to the very fine size of the grains. The analytical techniques 
are described in the Appendix D. Data for the standards also presented in Appendix D in 
tables D.1 to D.3 and the sample data is presented in tables D.4 to D.8. 
6.3.1 SOUTHERN AFRICA 
Roberts Victor 
DEJ02 
Concentration data for garnet from sample DEJ02 are extremely homogeneous and no 
difference is noted from core and rim analyses (fig. 6.6). The sample is depleted in LREE, 
with an average of 0.05 for (La)n, and shows a flat HREE pattern, with average (Yb)n of 
1.20 and (Dy/Yb)n of 1.00. A positive Eu anomaly is present, with (Eu/Eu*) averaging 
1.84. Garnets do not show much variance in the HFSE, except for a small negative Sr 
anomaly. 
Clinopyroxenes are LREE enriched compared to HREE, but less uniform towards the 
HREE. This slight difference seems to be correlated to different crystals instead of 
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variation from core to rim within the same crystals. (La)n  ranges from 1.50 to 2.06 and 
(Yb)n can reach up to 0.17. The average (Dy/Yb)n is 5.60. Nb shows a pronounced 
negative anomaly while Sr shows a very positive anomaly.  
DEJ03 
Garnet concentration data for sample DEJ03 are homogeneous, but still some slight 
variation can be observed (fig. 6.7). Garnets are depleted in LREE, with an average (La)n 
of 0.03 and show a flat HREE pattern. Analyses at the rims show greater concentration 
than analyses towards the core of the crystal, with (Yb)n ranging from 3.04 to 7.1 and 
average (Dy/Yb)n of 0.74. Eu anomalies become more evident towards the core, where it 
can reach up to 2.32 (Eu/Eu*). Garnet also shows small depletion on La, Sr and Hf.  
Clinopyroxene does not show the variation observed in the garnet. They are LREE 
enriched, with a subtle convex-upward shape, and fractionated towards the HREE. (La)n 
values average 4.03, (Yb)n average 0.43 and (Dy/Yb)n averages 3.05. They also show a 
positive Sr anomaly and some Zr depletion.  
DJ0285 
Sample DJ0285 show a very homogenous garnet profile with depleted LREE and a HREE 
plateau (fig. 6.8). The slight variation observed at the (La)n values may be a result of the 
very low concentrations. (Yb)n averages 7.34 and (Dy/Yb)n averages 0.96. No Eu anomaly 
is visible, but the sample is slightly depleted in Hf and Ti.  
Clinopyroxene is also very homogeneous, showing a slightly convex-upward shape with 
LREE enrichment over the very fractionated HREE. (La)n values average 2.92, (Yb)n 
averages 0.29 and the average of (Dy/Yb)n equals 4.01. Sr and Hf show positive anomalies.  
DJ0287 
Sample DJ0287 shows an overall LREE depleted pattern and slightly fractionated HREE, 
but some variation is noticeable towards the LREE (fig. 6.9). However, this feature is a 
core to rim variation, with higher concentration at the borders and the core showing values 
similar to the other crystals. (La)n ranges from 0.04 to 0.18. (Yb)n is more homogeneous 
averaging at 16.07 with average (Dy/Yb)n of 0.59. A negative Sr and a positive Zr 
anomalies are observed.  
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Clinopyroxenes are more homogeneous showing a slight convex-upward enriched LREE 
pattern with fractionation of HREE. (La)n averages 7.25. (Yb)n averages 0.76 and (Dy/Yb)n 
averages 3.17. Positive Sr and Hf anomalies are present. 
DJ0288 
Similarly to sample DJ0287, garnet shows an overall LREE depleted and flat HREE 
pattern, with some variation at the end of the LREE (fig. 6.10). The highest concentrations 
of LREE are in the rim and the lowest concentrations in the core. (La)n can reach up to 
1.06. (Yb)n averages 4.22 and (Dy/Yb)n averages 1.21. Negative Sr, Hf and Ti anomalies 
are present.  
Clinopyroxene analyses tend to mirror the garnet pattern with enrichment on LREE and 
fractionation of HREE, although being more homogeneous at both ends of LREE and 
HREE. (La)n averages 2.26. (Yb)n averages 0.13 and (Dy/Yb)n averages 7.43. The 
behaviour of HFSE is also mirrored, with positive Sr, Hf and Ti anomalies.  
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Figure 6.6 – Trace element data for sample DEJ02 showing garnet and clinopyroxene analyses normalized to 
chondrite and average garnet, clinopyroxene and recalculated whole rock normalized to the primitive mantle 








Figure 6.7 – Trace element data for sample DEJ03 showing garnet and clinopyroxene analyses normalized to 
chondrite and average garnet, clinopyroxene and recalculated whole rock normalized to the primitive mantle 








Figure 6.8 – Trace element data for sample DJ0285 showing garnet and clinopyroxene analyses normalized to 
chondrite and average garnet, clinopyroxene and recalculated whole rock normalized to the primitive mantle 
(values from McDonough & Sun 1995). 
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Figure 6.9 – Trace element data for sample DJ0287 showing garnet and clinopyroxene analyses normalized to 
chondrite and average garnet, clinopyroxene and recalculated whole rock normalized to the primitive mantle 
(values from McDonough & Sun 1995). 
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Figure 6.10 – Trace element data for sample DJ0288 showing garnet and clinopyroxene analyses normalized 
to chondrite and average garnet, clinopyroxene and recalculated whole rock normalized to the primitive 
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R8A 
Sample R8A shows a very homogeneous garnet profile with depletion in LREE and a flat 
HREE pattern (fig. 6.11). (La)n averages 0.02. (Yb)n averages 9.19 and (Dy/Yb)n 
approaches unit (1.04). The HFSE and LREE show some variation when normalized to 
the primitive mantle but that may be an artefact of the low concentrations in comparison 
to the detection limit. More importantly, garnets show a negative Hf and a more 
pronounced negative Ti anomaly. 
Clinopyroxenes are also very homogeneous with a well defined convex-upward LREE 
enriched and HREE fractionated pattern. (La)n averages 19.76. (Yb)n averages 0.45 and 
(Dy/Yb)n averages 8.28. As in the garnet, a pronounced negative Ti anomaly is observed.  
 
R30 
This sample shows a strongly fractionated LREE pattern followed by flat HREE after a 
clearly positive Eu anomaly (fig. 6.12). (La)n values are below the detection limit for some 
samples. (Yb)n averages 3.39 and the virtually absent fractionation of HREE is confirmed 
by an average (Dy/Yb)n of 0.9. (Eu/Eu*)n ranges from 1.64 to 2.38. HFSE behaviour is 
marked by Zr, Hf and Ti depletion. 
Clinopyroxene shows a convex-upward LREE enriched and strongly fractionated HREE 
pattern, but also a positive Eu anomaly. (La)n averages 2.27. Yb values show more 
variation as it approaches the lowest concentrations but the general fractionation is 
represented by (Dy/Yb)n averaging 13.4. (Eu/Eu*)n ranges from 1.86 to 2.68. HFSE show 
a strong Nb negative anomaly, some Zr depletion and positive Sr anomaly. 
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Figure 6.11 – Trace element data for sample R8A showing garnet and clinopyroxene analyses normalized to 
chondrite and average garnet, clinopyroxene and recalculated whole rock normalized to the primitive mantle 








Figure 6.12 – Trace element data for sample R30 showing garnet and clinopyroxene analyses normalized to 
chondrite and average garnet, clinopyroxene and recalculated whole rock normalized to the primitive mantle 
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WHOLE ROCK 
Recalculated whole rock patterns for the samples from Roberts Victor are presented in 
figure 6.13. Three main profiles can be distinguished. Samples DEJ02 and R30 show 
depletion of LREE, flat HREE and a pronounced Eu anomaly. Samples DJ0285 and 
DJ0288 show higher concentrations of REE and a flatter profile, but with a HREE 
plateau. Finally, samples DEJ03, DJ0287 and R8A show a wavy pattern with enrichment in 
LREE.  
With the exception of sample R8A, all remaining samples show a positive Sr anomaly. 
Sample R30 shows depletion in Zr and Hf. A negative anomaly is also observed for sample 
DEJ03. Sample R8A shows a strong depletion in Ti. 
The garnet profiles for samples with a positive Eu anomaly in the whole rock patterns 
(DEJ02 and R30) are similar to those of coesite-bearing eclogites from Roberts Victor 
(Jacob et al. 2003) and, together with the associated positive Sr anomalies have been used 
to suggest a prograde metamorphic reaction from plagioclase to garnet through subduction 
of the oceanic crust (Jacob 2004, fig. 6.2). 
The REE patterns yielded by the second group of samples (DJ0285 and DJ0288) resemble 
those of the jadeite-poor eclogites from the low-Mg series from Koidu (Barth et al. 2001, 
fig. 6.14), eclogites from Udachnaya (Siberia, Jacob & Foley 1999) (fig. 6.15) and also the 
flat patterns showed by garnet pyroxenites from Beni Bousera and Ronda (fig. 6.5). In any 
case, the garnet pyroxene assemblages (eclogites and garnet clinopyroxenites) are 
considered to represent residual phases after partial melting (Barth et al. 2001) or melt-
reaction with peridotite (Bodinier & Godard 2005).  
As mentioned above, the wavy behaviour of the third group of samples was demonstrated 
by Ireland et al. (1994) to be a feature resulting from metasomatic enrichment of LREE-
depleted rocks (fig. 6.1). These ‘double humps’ are observed in some of the rocks from the 
high-MgO Koidu series (Barth et al. 2002b, fig. 6.4) and in pyroxenite dykes and veins 
within mantle peridotite massifs (Bodinier & Godard 2005, fig. 6.5) 
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Figure 6.13 – Recalculated whole rock REE data normalised to chondrite and trace element normalised to 




Figure 6.14 – REE data for the xenoliths of the low-MgO suite of Koidu, Sierra Leone (adapted from Barth 
et al. 2001). 
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Kimberley 
DJ0295 
Garnets tend to show a LREE depleted pattern with mostly flat HREE (fig. 6.16). One 
analysis shows much lower concentration of elements, but the overall profile is 
represented by an average (La)n of 0.12, (Yb)n of 29.96 and (Dy/Yb)n of 0.74. Garnet is 
also marked by negative anomalies of Sr, Hf and Ti. 
Clinopyroxenes show a convex-upward homogenous pattern with enrichment in LREE 
and fractionation of HREE. (La)n averages 5.08, (Yb)n averages 3.48 and (Dy/Yb)n 
averages 1.77. The HFSE budget is marked by a small positive Hf anomaly and a negative 
Ti anomaly.  
DJ0296 
Sample DJ0296 shows an overall LREE depleted and slightly fractionated HREE pattern 
(fig. 6.17). (La)n averages 0.12, (Yb)n averages 47.67 and (Dy/Yb)n averages 0.62. Negative 
anomalies are present for La, Sr, Hf, and Ti. 
Clinopyroxenes show a more homogeneous LREE enriched pattern with strong 
fractionation of HREE. (La)n averages 47.46, (Yb)n averages 1.10 and (Dy/Yb)n averages 
5.61. A strong negative Ti anomaly is observed.  
WHOLE ROCK 
REE patterns for recalculated whole rock from samples DJ0295 and DJ0296 are very 
similar (fig. 6.18). Both have very high REE concentrations and show the common wavy 
pattern characteristic of enrichment of a depleted-LREE protolith (Ireland et al. 1994; 
Barth et al. 2002b). The high concentrations of elements are similar to amphibole-bearing 
pyroxenites and hornblendites from dikes and veins in the Pyrenees (Bodinier & Godard 
2005) (fig. 6.5). The primitive mantle normalized profiles are also very similar, marked by 
absence of Ba and Nb and a very distinguishable Ti anomaly. 
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Figure 6.16 – Trace element data for sample DJ0295 showing garnet and clinopyroxene analyses normalized to 
chondrite and average garnet, clinopyroxene and recalculated whole rock normalized to the primitive mantle 
(values from McDonough & Sun 1995). 
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Figure 6.17 – Trace element data for sample DJ0296 showing garnet and clinopyroxene analyses normalized to 
chondrite and average garnet, clinopyroxene and recalculated whole rock normalized to the primitive mantle 












Figure 6.18 – Recalculated whole rock REE data normalised to chondrite and trace element normalised to 
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Bultfontein 
B21 
Garnets show a homogenous profile with strong depletion of LREE and a flat HREE 
pattern (fig. 6.19). The small variation observed for the values of La may be related to the 
small concentration on samples compared to the analytical detection limits; the highest 
(La)n is 0.12. (Yb)n averages 11.46 and (Dy/Yb)n averages 1.10. HFSE behaviour is marked 
by strong negative anomalies in Zr, Hf, and Ti.  
Clinopyroxenes are also homogeneous and show a convex-upward pattern with 
enrichment in LREE and much fractionation of HREE. (La)n averages 14.48. (Yb)n shows 
slight some more variation, averaging 0.33, and (Dy/Yb)n averages 8.35. Small anomalies 
are observed: positive Nb anomaly and negative Zr and Ti.  
713 
The garnet profile for sample 713 is less homogeneous than that of sample B21 and, 
instead, shows a convex pattern with depletion in LREE and some fractionation of HREE 
(fig. 6.20). (La)n ranges from 0.01 to 0.6. (Yb)n is more homogeneous, ranging from 9.12 to 
12.58. The average (Dy/Yb)n equals 1.26. Negative anomalies are observed for Nb, Sr, and 
Ti. 
Cliopyroxenes are more homogeneous, with a convex-upward LREE enriched pattern. 
(La)n averages 32.22 (Yb)n ranges from 0.77 to 1.25 and (Dy/Yb)n averages 4.73. A small 
negative Zr anomaly is observed together with a strong negative Ti anomaly.  
WHOLE ROCK 
The samples from Bultfontein and Kimberley show similar profiles and very high 
concentrations, in spite of the fact that samples from Bultfontein show a wavier pattern 
(fig. 6.21). The very LREE-enriched pattern shown by clinopyroxenes and ‘duble-hump’ 
recalculated whole rock pattern (Ireland et al. 1994; Barth et al. 2002b) are evidence of 
enrichment of a LREE-depleted protolith. These patterns are similar to those yielded by 
amphibole-bearing pyroxenites and hornblendites from the Eastern Pyrenees (Bodinier & 
Godard 2005, fig. 6.5) and for alkaline basalts from the Karelian greenstone belt 
(Samsonov et al. 2005, fig. 6.22). 
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Figure 6.19 – Trace element data for sample B21 showing garnet and clinopyroxene analyses normalized to 
chondrite and average garnet, clinopyroxene and recalculated whole rock normalized to the primitive mantle 
(values from McDonough & Sun 1995). 
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Figure 6.20 – Trace element data for sample 713 showing garnet and clinopyroxene analyses normalized to 
chondrite and average garnet, clinopyroxene and recalculated whole rock normalized to the primitive mantle 
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Figure 6.21 – Recalculated whole rock REE data normalised to chondrite and trace element normalised to 
primitive mantle for samples from Bultfontein (chondrite and primitive mantle values of McDonough & Sun 
1995). 
 
Figure 6.22 – Trace element data for the alkaline basalts associated with the Archean Karelian greenstone belt, 
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Lovedale 
02073 
Garnets are mostly homogeneous showing a very subtle variance towards the heaviest 
REE (fig. 6.23). The overall pattern is LREE depleted with a flat HREE profile. (La)n 
averages 0.06. (Yb)n ranges from 7.73 to 11.17 and the average (Dy/Yb)n is 1.63. The 
HFSE budget is marked by depletion in Sr Zr, Hf, and Ti. 
Clinopyroxenes are also generally homogeneous with a little variance at the heaviest REE. 
The pattern is convex-upward with enrichment in LREE. (La)n averages 4.03. (Yb)n can 
reach up to 0.16 and the average (Dy/Yb)n is 12.77. Clinopyroxenes also show small 
positive anomalies in Sr and Hf. 
02093 
The REE pattern for garnets is mostly homogeneous, with some variation at the lightest 
REE (fig. 6.24). They are LREE depleted and show a flat HREE profile. (La)n reaches up 
to 2.04. (Yb)n averages 30.49 and (Dy/Yb)n approaches unit with an average of 0.96. 
Garnets show strong negative anomalies for Sr, Zr, Hf, and Ti. 
Clinopyroxenes are homogeneous and show a convex-upward LREE enriched pattern. 
(La)n averages 6.02. (Yb)n averages 0.47 and (Dy/Yb)n averages 5.20. Negative anomalies 
for Zr and Ti are also present.  
WHOLE ROCK 
The recalculated whole rock REE patterns for sample JAR 02073 show slight depletion of 
LREE compared to a more uniform HREE profile (fig. 6.25). Sample JAR 02093 shows 
little fractionation of HREE. In addition, both trace element patterns normalized to the 
primitive mantle show depletion in Zr, Hf, and Ti. These patterns are very similar to those 
of the low-Mg Koidu series (Barth et al. 2001, fig. 6.14) and the xenoliths from Udachnaya, 
Siberia (Jacob & Foley 1999, fig. 6.15). They also show great similarities to the deformed 











Figure 6.23 – Trace element data for sample JAR 02073 showing garnet and clinopyroxene analyses normalized 
to chondrite and average garnet, clinopyroxene and recalculated whole rock normalized to the primitive mantle 









Figure 6.24 – Trace element data for sample JAR 02093 showing garnet and clinopyroxene analyses normalized 
to chondrite and average garnet, clinopyroxene and recalculated whole rock normalized to the primitive mantle 
(values from McDonough & Sun 1995). 
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Figure 6.25 – Recalculated whole rock REE data normalised to chondrite and trace element normalised to 
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Roodekraal 
RDK1 
The REE pattern for garnets shows depletion in LREE and a mostly flat HREE profile 
(fig. 6.26). Some variation occurs towards the lightest LREE, which may be correlated to 
the low concentration of these elements, closer or below analytical detection limits. (Yb)n 
averages 22.97 and (Dy/Yb)n averages 0.76. Nb shows a small positive anomaly while Zr, 
Hf and Ti are marked by strong negative anomalies. 
Clinopyroxene show a homogeneous convex-upward pattern with enrichment in LREE. 
(La)n averages 3.75. (Yb)n averages 0.40 and (Dy/Yb)n averages 8.60. Nb and Ti show 
strong negative anomalies, followed by small negative anomalies of Sr and Zr.  
RDK2 
Garnets are marked by a strongly fractionated depleted LREE pattern with a much flatter 
HREE pattern (fig. 6.27). (La)n can reach below analytical detection limits. (Yb)n averages 
4.75 and (Dy/Yb)n averages 1.66. A subtle positive Eu anomaly is present, with maximum 
(Eu/Eu*) of 1.77. The HFSE budget is marked by strong depletion in Zr, Hf, and Ti and a 
positive Nb anomaly. 
Clinopyroxenes show a well defined convex-upward LREE enriched pattern. However, 
there is some variety in the concentrations of the elements. (La)n ranges from 2.49 to 5.29. 
Yb concentrations can reach the analytical detection limit, still, the average (Dy/Yb)n 
equals 27.32. Strong negative Zr and Ti anomalies are present together with a positive Sr 
anomaly.  
WHOLE ROCK 
The two samples available from Roodekraal show different recalculated whole rock trace 
element patterns (fig 6.28), comparable to what is observed for Roberts Victor. Sample 
RDK2 is LREE depleted and show little fractionation of HREE, with a marked Eu 
anomaly, which is similar to the first sequence of samples from Roberts Victor (DEJ02 
and R30). Sample RDK1, conversely, shows a steady increase in concentrations, 









Figure 6.26 – Trace element data for sample RDK1 showing garnet and clinopyroxene analyses normalized to 
chondrite and average garnet, clinopyroxene and recalculated whole rock normalized to the primitive mantle 
(values from McDonough & Sun 1995). 
 
172






Figure 6.27 – Trace element data for sample RDK2 showing garnet and clinopyroxene analyses normalized to 
chondrite and average garnet, clinopyroxene and recalculated whole rock normalized to the primitive mantle 
(values from McDonough & Sun 1995). 
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Figure 6.28 – Recalculated whole rock REE data normalised to chondrite and trace element normalised to primitive 
mantle for samples from Roodekraal (chondrite and primitive mantle values of McDonough & Sun 1995). 
Jachtfontein 
20093 
Garnets show an overall homogeneous pattern with LREE depleted and flat HREE 
profiles (fig. 6.29). Small variation is observed towards the lightest REE. (La)n is virtually 
absent. (Yb)n averages 4.91, (Dy/Yb)n averages 1.74. Garnet patterns normalised to 
primitive mantle are strongly marked by negative Sr, Zr, Hf, and Ti anomalies. 
Clinopyroxene also shows small variation, but within an overall convex-upward LREE 
enriched pattern. (La)n ranges from 2.08 to 4.41. (Yb)n is mostly absent. The general 
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fractionation of the HREE would be represented by (Dy/Yb)n of 15.84. Clinopyroxenes 
also show negative Zr and Ti anomalies, as well as a small positive Sr anomaly. 
20113 
Garnets from this sample show a LREE depleted and flat HREE pattern, but some 
variation is observed towards the lightest REE elements, possibly related to the low 
concentration of these elements (fig. 6.30). Locally, (La)n can reach up to 0.02. (Yb)n ranges 
from 4.62 to 6.38 and (Dy/Yb)n averages 2.41. Sr, Zr, Hf, and Ti strong negative 
anomalies are observed. 
Clinopyroxenes show an overall convex-upward LREE enriched pattern, but not much 
homogeneous concentrations which is marked by the pattern being inversed at a positive 
Eu anomaly with (Eu/Eu*) ranging from 0.43 to 0.86. (La)n ranges from 0.34 to 0.64. 
(Yb)n can reach up to 0.10. The overall fractionation of HREE is represented by an 
average (Dy/Yb)n of 17.12. Sr shows a strong positive anomaly with slightly depletion in 
Zr and Ti. 
20263 
Garnets tend to show the overall pattern observed so far for samples from this locality 
with depleted LREE and flat HREE (fig. 6.31). However, because of the even lower 
concentration of LREE, some variation is observed towards the lightest elements. (La)n 
can locally reach up to 0.008. (Yb)n is more constant averaging 2.32 and (Dy/Yb)n averages 
1.56. Small positive Eu anomalies can be observed, (Eu/Eu*) reaching up to 1.68. HFSE 
show pronounced negative anomalies fro Zr, Hf, and Ti. 
Clinopyroxenes also show low concentration of elements and, therefore, some 
heterogeneity with their REE patterns which can not be appointed to variations within 
crystals or among different crystals. The overall profile is marked by a convex-upward 
curve with depletion towards both LREE and HREE ends and an apex at Eu. (La)n can 
reach up to 0.79. (Eu/Eu*) varies from 1.34 to 2.50. Yb is mostly absent; still, the overall 
(Dy/Yb)n is 11.70. A strong positive anomaly is observed for Sr. 
WHOLE ROCK 
Two trace element patterns are distinguished for samples from Jachtfontein (fig. 6.32). 
Samples JAR 20113 and JAR 20263 have LREE-depleted and unfractionated HREE 
patterns with positive Eu and Sr anomalies, as described for samples from Roberts Victor, 
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Lovedale and Roodekraal. Sample JAR 20093 shows a similar pattern for HREE with 
enrichment of LREE (the ‘double-hump’ pattern of Ireland et al. 1994; Barth et al. 2002b) 




Figure 6.29 – Trace element data for sample JAR 20093 showing garnet and clinopyroxene analyses normalized 
to chondrite and average garnet, clinopyroxene and recalculated whole rock normalized to the primitive mantle 
(values from McDonough & Sun 1995). 
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Figure 6.30 – Trace element data for sample JAR 20113 showing garnet and clinopyroxene analyses 
normalized to chondrite and average garnet, clinopyroxene and recalculated whole rock normalized to the 









Figure 6.31 – Trace element data for sample JAR 20263 showing garnet and clinopyroxene analyses 
normalized to chondrite and average garnet, clinopyroxene and recalculated whole rock normalized to the 












Figure 6.32 – Recalculated whole rock REE data normalised to chondrite and trace element normalised to 
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6.3.2 CHINO VALLEY 
13-91-8 
Garnets show low concentrations of REE, but still a depleted LREE and flat HREE 
pattern (fig. 6.33). The variance of the lightest REE may be an artefact of these low 
concentrations; for the remaining elements the patterns are mostly homogeneous. La and 
Ce are virtually absent. (Yb)n has an average of 8.63 while (Dy/Yb)n averages 0.86. Garnets 
are marked by strong negative anomalies of Zr, Hf, and Ti. 
Clinopyroxenes also show low concentrations of elements and, therefore, a more 
heterogeneous pattern. However, the general trend still reflects a convex-upward curve 
with its apex on Eu. (La)n ranges from 0.05 to 0.31. The Eu anomaly varies from nearly 
inexistent to 1.84. The two highest Eu peaks correspond to the same crystal. (Yb)n shows 
mostly two ranges of values. In the most fractionated series, Yb approaches zero and 
(Dy/Yb)n averages 15.80. For another crystal, the concentrations of HREE are comparably 
higher with (Yb)n around 0.60 and, thus, much smaller fractionation of HREE, with 
(Dy/Yb)n of 3.33. Clinopyroxenes in general show a positive Sr anomaly and depletion in 
Zr. 
117200-141 
Garnets from sample 117200-141 show some heterogeneity towards both ends of the 
LREE and HREE, but this variation can not be associated to variation within crystals or 
among crystals (fig. 6.34). Still, the overall pattern is of depletion of LREE and mostly flat 
HREE. (La)n can reach up to 0.02. (Yb)n ranges from 10.96 to 27.94, with (Dy/Yb)n 
varying from 0.82 to 1.39. Zr, Hf, and Ti strong negative anomalies are also present. 
Clinopyroxene patterns are more homogeneous, with sharp convex-upward profile turning 
at Sm. (La)n ranges from 0.035 to 0.10. (Yb)n shows some variation associated to the very 
low concentrations and analytical detection limits. Overall, (Dy/Yb)n averages 7.14. 








Figure 6.33 – Trace element data for sample 13-91-8 showing garnet and clinopyroxene analyses normalized to 
chondrite and average garnet, clinopyroxene and recalculated whole rock normalized to the primitive mantle 








Figure 6.34 – Trace element data for sample 117200-141 showing garnet and clinopyroxene analyses normalized 
to chondrite and average garnet, clinopyroxene and recalculated whole rock normalized to the primitive mantle 
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117200-144 
Garnets are mostly homogeneous with LREE depleted with flat HREE profiles, with the 
exception of one analyses of the rim of a crystal which shows higher concentration of 
HREE (fig. 6.35). Still, the general pattern is observed for this analysis. La is virtually 
absent. (Yb)n, excluding the abnormal analysis, averages 12.40 and (Dy/Yb)n averages 1.47. 
Sr, Zr, Hf, and Ti are marked by strong negative anomalies. 
Clinopyroxenes are slightly less homogeneous. They show a pronounced convex-upward 
pattern with an apex in Sm. (La)n ranges from 0.135 to 0.325. Yb is mostly absent. In that 
case, (Dy/Tm)n averages 16.18. Sr shows a positive anomaly while Zr and Ti are marked 
by strong negative anomalies. 
WHOLE ROCK 
Even though at slight lower concentrations, recalculated whole rock for Chino Valley 
show the same patterns presented before (fig. 6.36). Sample 13-91-8 resembles the primary 
eclogite signatures from Roberts Victor (DEJ02) and Roodekraal (RDK2) with LREE-
depletion, flat HREE profile but a small positive Eu anomaly and negative Zr and Ti 
anomalies. Samples 117200-141 and 117200-144 are much similar to the xenoliths from 
Lovedale with flat depleted LREE and flat HREE but an inflection on Sm. This sample 
also shows Zr, Hf, and Ti depletion. 
REE data for other xenoliths from Chino Valley have been reported by Smith et al. (1994) 
(fig. 6.37). However, the samples analysed in here show very little resemblance to the 









Figure 6.35 – Trace element data for sample 117200-144 showing garnet and clinopyroxene analyses 
normalized to chondrite and average garnet, clinopyroxene and recalculated whole rock normalized to the 












Figure 6.36 – Recalculated whole rock REE data normalised to chondrite and trace element normalised to 
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6.3.3 MALAITA 
RG01 
SIMS analyses of the Malaitan sample show a fairly homogeneous garnet profile with 
depletion of LREE and mostly flat HREE (fig 6.38). (La)n ranges from 0.05 to 0.22. (Yb)n 
ranges from 25.42 to 34.54 and (Dy/Yb)n averages 0.75. Garnets show depletion in Sr and 
Ti and some enrichment in Nb.  
Clinopyroxenes show a convex-upward LREE enriched pattern with a slight variation 
towards the HREE. (La)n averages 5.08, (Yb)n averages 3.48 and (Dy/Yb)n averages 1.77. 
Clinopyroxenes show enrichment in HFSE (Ba, Nb and Zr) and depletion in Sr.  
WHOLE ROCK 
The sample from Malaita exhibits the same REE signature for recalculated whole rock as 
observed in sample JAR 02093 from Lovedale (figs. 6.38 and 6.39). The sample is LREE-
depleted and shows a HREE plateau. However, the Zr and Ti depletions observed in the 
sample from Lovedale are not present in sample RG01. Ti shows a small negative anomaly 









Figure 6.38 – Trace element data for sample RG01 showing garnet and clinopyroxene analyses normalized to 
chondrite and average garnet, clinopyroxene and recalculated whole rock normalized to the primitive mantle 
(values from McDonough & Sun 1995). 
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Figure 6.39 – Recalculated whole rock REE data normalised to chondrite for sample RG01 from Malaita 
(chondrite value from McDonough & Sun 1995). 
6.4 DISCUSSION 
Barth et al. (2001; 2002b) have shown that the Koidu samples from the edge of the 
Kaapvaal Craton in Sierra Leone can be divided into two series according to the major 
element compositions, low-MgO and high-MgO. The first series (Barth et al. 2001) would 
represent residue after partial melting of subducted crust and the second series (Barth et al. 
2002b) could be divided into gabbroic and garnet-clinopyroxene cumulates. The REE 
patterns, as presented here for Roberts Victor, have features common to both origins.  
Different suites of eclogites xenoliths have been described from Roberts Victor. Figure 6.2 
shows the different patterns observed for coesite-bearing eclogites described by Jacob et 
al. (2003) and coesite-free samples (Harte & Kirkley 1997). The samples described in this 
study are free of coesite, rutile, corundum and kyanite.  
DEJ02 and R30 are part of a suite linked to a subduction origin for the protolith. This is 
mostly due to the garnet and whole rock patterns and the associated Sr and Eu anomalies 
(e.g., Jacob 2004) and similarities to other known suites (e.g., Barth et al. 2001; Jacob & 
Foley 1999). Another suite may result from metasomatic enrichment of a LREE-depleted 
protolith (e.g., Ireland et al. 1994; Barth et al. 2002b).  
Even though the second suite shows similarities to both eclogite residues from partial 
melting of subducted crust (low-MgO series from Koidu, Barth et al. 2001, and xenoliths 
from Udachnaya, Jacob & Foley 1999) and garnet pyroxenite residues after melt-reactions 
with peridotite (Beni Bousera and Ronda, Bodinier & Godard 2005), a series of features 
favours a subduction origin. Oxygen data for the Roberts Victor samples straddles mantle 
values (Chapter 04) and δ18O is higher than the mantle range.  
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The samples studied can be viewed as different ‘snapshots’ of a series of processes. Firstly, 
formation of a primary eclogite from subducted oceanic crust (DEJ02 and R30). Some of 
these samples may have undergone partial melting (DJ0285 and DJ0288). All samples have 
later been subjected to metasomatism at different rates by an enriched-LREE melt, most 
likely a kimberlite-like melt (Barth et al. 2002b). This is evident not only by the ‘double 
hump’ REE patterns (Ireland et al. 1994; Barth et al. 2002b) but also by the major element 
data (Chapter 03). Although garnet tends to behave homogenously, the samples that show 
this REE pattern more strongly have pyroxene compositions deviating from the original 
omphacitic composition towards augite and diopside. This alteration is already evident at 
the rim of these samples. The REE also show some variation within these samples as 
mentioned above. Sample DJ0288 shows enrichment in LREE towards the rim of the 
garnets and sample DEJ03 shows relict Eu anomalies in the core of the garnets.  
Alternatively, the similarities that the second sequence shows to residual eclogites could be 
an artefact of a smaller amount of metasomatism in comparison to the samples from the 
third sequence, representing an intermediate stage between the ‘primary’ eclogites and the 
very metasomatised eclogites. This alternative is difficult to evaluate since metasomatism 
has certainly occurred to some extent, as seem by visual inspection (altered pyroxenes, 
Chapter 02) and mineralogical composition (Chapter 03). However, Barth et al. (2001) has 
shown that only a small fraction of melt (~ 5% kimberlite) is enough to produce 
considerable changes in the protolith. 
The general trend of the clinopyroxene and recalculated whole rock patterns of samples 
from Kimberley point to metasomatism of the primary garnet clinopyroxenite rock. The 
REE clinopyroxene pattern is similar to the most enriched coesite-bearing eclogite from 
Roberts Victor (Jacob et al. 2003; Jacob 2004) (fig. 6.5) and the wavy whole rock pattern 
resembles that of metasomatic eclogite host to DI of Ireland et al. (1994). Additional 
mineralogical evidence for metasomatism indicates that these garnet pyroxenites have been 
altered/metasomatised from an eclogite precursor (Chapter 03).  
The best evidence for the original rock comes from the similarities with amphibole-bearing 
pyroxenites and hornblendites from the Eastern Pyrenees (Bodinier & Godard 2005, fig. 
6.5). Pyroxenite dikes and veins are considered to represent crystal segregates deposited in 
magma conduits (Bodinier & Godard 2005) and these, specifically, are supposed to 
represent ‘translithospheric’ feeder dikes for alkaline basalts further infiltrated by volatile-
rich melts through fractures of the dike wall rocks (Bodinier et al. 1987; Fabriès et al. 1991, 
1998; Bodinier & Godard 2005).  
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Oxygen ratios for these samples are both lower and above the mantle range (Chapter 04). 
In fact, metasomatism from a kimberlitic melt would result in values closer to the mantle 
range, as is observed in coexisting secondary mica.  
Barth et al. (2001) have shown that the residual eclogites from the low-MgO series in 
Koidu are complementary to the formation of the overlaying Archean tonalite-
trondhjemite-granodiorite (TTG) suites. Samsonov et al. (2005) also shows the presence of 
TTG and alkaline basalt series within the Late Archean Karelian greenstone belt in the 
Baltic Shield. Both suites were formed in a convergent plate margin setting; the alkaline 
basalts representing the mantle wedge metasomatised by slab-derived fluids and melts 
followed by crustal contamination and the TTG representing the slab-derived melts as 
suggested by Barth et al. (2001). The Kimberley garnet clinopyroxenites exhibit similar 
trace elements behaviour to that of the alkaline basalts from the Karelian greenstone belt 
(fig. 6.19), including the pre-eminent negative Ti anomaly, and, therefore, may represent 
the mantle wedge metasomatised firstly by slab-derived melts and further by LREE-
enriched kimberlite-like melts prior to entrainment of the kimberlitic host.  
Both Bultfontein and Kimberley samples have similarities with dikes and veins from the 
Pyrenees (Bodinier & Godard 2005, fig. 6.5) suggesting the formation as strongly 
metasomatised cumulates of alkaline basalts like those of the Karelian greenstone belt 
(Samsonov et al. 2005, fig. 6.19).  
The similarities between the patterns for samples from Lovedale and for the low-MgO 
Koidu series and the Udachnaya xenoltiths (Barth et al. 2001, Jacob & Foley 1999) may 
indicate an origin as a residue to partially molten subducted oceanic crust as both the low-
MgO series and the Udachnaya xenoliths have been interpreted as residues after partial 
melting of a subducted-slab. Additionally, the corundum-bearing garnet pyroxenites from 
Beni Bousera present similar patterns and are also understood to represent partial melts 
from subducted crust crystallized in vein conduits (Pearson et al. 1993; Davies et al. 1993; 
Bodinier & Godard 2005).  
The same line of arguments presented above for samples from Roberts Victor and 
Lovedale can be used to interpret the origin of rocks from Roodekraal. Sample RDK2 
resembles the primary eclogite from prograde metamorphism of a subducting-slab with 
reaction from plagioclase to garnet (Jacob et al. 2003; Jacob 2004). Sample RDK1 
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Similarly, the first two samples from Jachtfontein are proposed to represent a primary 
eclogite originated from subduction of oceanic crust. Sample JAR 20093 may represent 
enrichment of that eclogite by kimberlite-like melts prior to entrainment of the kimberlite 
host. This is also in agreement with mineralogical evidence, which classifies both first 
samples as eclogites and sample JAR 20093 as a garnet pyroxenite with an eclogitic 
precursor.  
The samples from Chino Valley show positive correlation to the samples from the 
Kaapvaal Craton (Roberts Victor and Lovedale) and data in the literature (same LREE-
depleted pattern with positive Eu anomaly as in coesite-bearing Roberts Victor samples of 
Jacob et al. 2003 and LREE-depleted pattern with Zr, Hf, and Ti negative anomalies as in 
the low-MgO Koidu series of Barth et al. 2001 and of the Udachnaya xenoliths described 
by Jacob & Foley 1999). Therefore, it can be stated that these samples also represent 
primary eclogite derived from subduction of oceanic material and residues after partial 
melting of this subducted slab. 
As for Lovedale, the REE patterns presented by the sample from Malaita are similar to 
eclogite residues from partial melting of subducted crust like the low-MgO series from 
Koidu (Barth et al. 2001) and xenoliths from Udachnaya (Jacob et al. 2003) but also with 
garnet pyroxenite residues after melt-reaction with peridotite (Beni Bousera and Ronda, 
Bodinier & Godard 2005). These garnet pyroxenites also represent partial melts from 
subducted crust (Pearson et al. 1993; Davies et al. 1993; Bodinier and Godard 2005).  
After the formation of the Ontong Java Plateau, alkaline to potassic magmatism 
(Maramasike Formation) is observed in the nearby islands at 44 Ma, before the 
entrainment of the alnöite host at 34 Ma. These alkaline basalts can be associated with a 
new pulse of plume activity so that the garnet pyroxenite may be a magmatic derivative of 
high pressure equivalents. Alternatively  subduction of the Pacific Plate, may lead to 
formation of the garnet pyroxenite as it would represent underplated basalt originated 
from partial melt of the subducting slab as in other subduction environments represented 
by the low-Mg Koidu suite (Barth et al. 2001) and the Karelian greenstone belt (Samsonov 
et al. 2005). Oxygen data for this sample, which is within the mantle range (Chapter 05),  
This scenario is also observed in xenoliths from Hawaii in which garnet pyroxenites are 
understood as residues of reaction of high SiO2 melts resulted from the near-fractional 
melting of subduction-derived eclogite bodies within the upwelling plume and mantle 
peridotite (Sobolev et al. 2005). 
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In addition to the observed trace element patterns described above, the LREE/HREE 
ratios of some of the samples offer supporting evidence for partial melting. Barth et al. 
(2001) showed that the low-MgO samples from Koidu can be reconciled with partial 
melting from a source similar to basalts from the nearby late-Archean (~ 2.9 Ga) Sula 
Mountain Greenstone Belt (Rollinson 1999) (fig. 6.40).  
In addition to the Sula Mountain basalts, calculations for the present samples were based 
on basalts/komatiites from 3.45 (Barberton) and 2.7 Ga greenstone belts from southern 
Africa (Blichert-Toft & Arndt 1999). Partial melt (fractional and batch melting) for the 2.7 
Ga basalts follow the trajectories for partial melt for the 3.45 Ga Barberton 
basalts/komatiites and are distinct from partial melt curves for the Sula Mountain basalts.  
The samples studied at present display a much larger spread than that of samples from 
Koidu (fig. 6.40). This large spread implies that not all samples can be associated to the 
same processes and that not all samples are originated from the same sources. 
Nevertheless, point of average fractional melting models initializing at both the Sula 
Mountain and Baberton greenstone belts manage to involve the majority of the samples.  
However, if samples are separated according to the interpreted trace element patterns, 
those supposedly representative of partial melt residues yield the best fit to point of 
average fractional melt of a source similar to Archean basalts/komatiites from the 
Baberton greenstone in equilibrium with tonalite using the partition coefficients for 
Archean samples from Barth et al. (2002a) (fig. 6.41). Mostly, three samples could be 
considered as outliers to the sequence, each from Roodekral, Lovedale and Malaita. 
However, the remaining samples from Roodekraal and Lovedale show affinities with the 
melting curve originated at the Barberton source and, therefore, these suites may have 
originated from varied sources.  
Despite the fact that the Malaita and Chino Valley are younger and geographically 
unrelated to the Kaapvaal Craton samples, they also plot within the melt curves calculated, 
suggesting that they can be residues of about 10 and 20%, respectively, point of average 










Figure 6.40 – (La/Yb) ratio normalized to chondrite versus La concentration (ppm). Red crosses represent 
data for the Koidu low-MgO series (Barth et al. 2001). Squares represent the selected sources from Blichert-
Toft & Arndt (1999) (basalts and komatiites from 3.45 and 2.7 Ga South African greenstone belts) and basalt 
from the Sula Mountain, Sierra Leone (1997). Curves of point of average fractional melting at 1, 2, 3, 4, 5, 6, 
7, 8, 9, 10, 12.5, 15 and 20%. Partition coefficients from Barth et al. (2002a). 
 
Figure 6.41 – (La/Yb) ratio normalized to chondrite versus La concentration (ppm). Samples separated 
according to trace elements pattern groups. Curves of point of average fractional melting at 1, 2, 3, 4, 5, 6, 7, 
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6.5 CONCLUSIONS  
Trace element concentrations and garnet and clinopyroxene normalized patterns are 
comparable to those described in the literature (Jacob 2004, fig. 6.2). Garnets show both 
extreme profiles observed worldwide: (i) LREE-depleted and flat HREE, with positive Eu 
anomaly similar to the coesite-bearing eclogite xenoliths from Roberts Victor (Jacob et al. 
2003) and (ii) more LREE-depleted and HREE-enriched patterns similar to coesite-free 
eclogites from Roberts Victor described by Harte & Kirkley (1997). The variance in 
clinopyroxene patterns is also similar to that observed in the literature including both 
extremes as (i) convex upward with fractionation of both LREE and HREE and (ii) 
enrichment in LREE.  
Recalculated whole rock profiles, in addition to mineral data, define four protolith types: 
(1) SUBDUCTED MAFIC ROCKS (i.e., LREE-depleted, flat HREE patterns with 
positive Eu and Sr anomalies). This pattern is observed in samples from Roberts Victor, 
Lovedale and Chino Valley. These rocks represent subducted gabbroic cumulates within 
the oceanic crust which may have been through small amounts of partial melt (< 13%, e.g., 
Jacob et al. 2003). The flat HREE pattern atypical of garnets is explained by a prograde 
metamorphic reaction from a plagioclase-bearing protolith (e.g., Green 1994) during 
subduction. This scenario is supported by the positive Eu and Sr anomalies. 
(2) POST-SUBDUCTION MELT RESIDUES (i.e., LREE-depleted, flat HREE samples). 
These features are observed in the Kaapvaal Craton, Chino Valley and Malaita samples 
which show a similar profile to samples from the low-MgO series from Koidu, Sierra 
Leone (Barth et al. 2001, fig. 6.14) and Udachnaya, Siberia (Jacob & Foley 1999, fig, 6.15). 
These suites are interpreted to represent residues after fractional partial melt of subducted 
Archean basalt/komatiite protolith.  
(3) KIMBERLITE METASOMATISED PROTOLITH (i.e., wavy pattern of Ireland et al. 
1994, fig. 6.1, and Barth et al. 2002b, fig. 6.4), where metasomatism of an originally LREE-
depleted protolith by a LREE-enriched melt, most probably kimberlite, result in a ‘double-
hump’ chondrite-normalised REE pattern. This pattern is present in some of the samples 
from the Kaapvaal Craton and Chino Valley indicating metasomatism of the 
eclogites/garnet pyroxenites prior to entrainment by the kimberlite host. Metasomatism 
must have been more extensive in these rocks since evidence of metasomatic processes is 






flat HREE profile and positive Eu and Sr anomalies (‘primary’ eclogites), most samples 
show depletion in Zr, Hf and Ti. Also, mineralogical assessment shows compositional 
variation from core to rim, altering the clinopyroxene phase from original omphacite to 
diopside/augite. Compositional variation is sometimes observed from core to rim of 
crystals, e.g., the relict positive Eu anomaly in the core of a crystal in sample DEJ03.  
(4) POLYBARIC MAGMATIC FRACTIONATES (i.e., extremely enriched wavy patterns 
with negative Ti anomaly). This pattern is observed in the samples from the Kimberley 
area (garnet pyroxenites from the Kimberley pipe and websterites from the Bultfontein 
pipe). These patterns are very similar to amphibole-bearing and hornblendites from the 
Eastern Pyrenees (Bodinier & Godard 2005, fig. 6.5) and alkaline basalt from the Karelian 
greenstone belt (fig. 6.19). The garnet pyroxenites from the Pyrenees represent 
‘translithospheric’ dikes for alkaline basalts (Bodinier et al. 1987; Fabriès et al. 1991, 1998; 
Bodinier & Godard 2005).  
 
 








Nd, Hf and Sr isotopic ratios and relevant elemental concentrations were obtained on the 
oceanic garnet pyroxenite from Malaita and cratonic eclogites and garnet pyroxenites from 
Kaapvaal. In the majority of cases the Lu-Hf system can unravel cooling ages that are older 
than the Sm-Nd age by 30-1000 Ma. The garnet pyroxenites and eclogite isotopic data 
from Kaapvaal straddle a large range of values which may represent pre-entrainment 
metasomatism by kimberlite-like melts. The isotopic signature of the young Malaita sample 
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7.1 INTRODUCTION 
The isotopic characterisation of eclogites and garnet-clinopyroxenites has been hindered 
by the relative lack of samples in comparison to extensive collections of peridotites. 
However, recent advances which make isotopic analysis of Hf a routine technique may 
strongly aid in the petrogenetic study of these lithologies. Even though currently the 
analyses of the Hf isotopic system are still marked by some difficulties (Appendix E), many 
recent studies have shown the potential advantages in comparison to the Sm-Nd isotope 
system. Firstly, the closure temperature for garnet is higher for Lu-Hf than for Sm-Nd 
(Blichert-Toft et al. 1999b; Scherer et al. 2000). Bedini et al. (2002) suggested that for Lu-
Hf the closure temperature of the garnet-clinopyroxene pair is greater than 1000ºC. Also, 
as opposed to the Sm-Nd system, the Lu-Hf system has been shown to remain 
undisturbed not only for diamondiferous and non-diamondiferous eclogitic xenoliths 
(Jacob et al. 2002), but also for Archaean komatiites (Stevenson et al. 2002) and gneisses 
(Vervoot & Blichert-Toft 1999). However, Seth et al. (2002) showed that at high 
temperatures the Lu-Hf system is completely reset during granulite metamorphism unlike 
the Sm-Nd system which remains open. 
Decay Constant 
The importance of measuring precise radiogenic isotopic ratios comes from the fact that 
they can work as tracers of the processes experienced by the rocks. However, the 
comparison of the data from the Lu-Hf and Sm-Nd sytems has been hindered by the 
uncertainties in the value of the decay constant of 176Lu to 176Hf. The first determination of 
λ176Lu by Patchett & Tatsumoto (1980) and Tatsumoto et al. (1981) yielded a value of 1.94 
± 0.07 x 10-11 yr-1. This value has been contested by physical determinations of Nir-El & 
Lavi (1998) and comparative Lu-Hf and U-Pb data on Proterozoic samples by Scherer et al. 
(2001), which yield a much lower value of 1.865 ± 0.015 x 10-11 yr-1. This has resulted in 
much argument around the estimation of values for mantle reservoirs and chondrite (e.g., 
BlichertToft & Albarede 1997; Salters & White 1998; Blichert-Toft & Frei 2001; Bizzarro 
et al. 2003). However, despite the fact that Blichert-Toft et al. (1999b) attributes the 
discrepancies between Lu-Hf and Sm-Nd to an open-system behaviour of the Lu-Hf 
system, Villa et al. (2001) show that the Lu-Hf and Sm-Nd ages of Blichert-Toft et al. 
(1999b) could be reconciled using the lower decay constant. This value is also supported 
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Partition Coefficients 
Both Sm and Nd belong to the lanthanide series. However, the smaller ionic radius of Sm 
compared to Nd (Sm3+ = 1.04 Å, Nd3+ = 1.08) makes Nd more compatible in the liquid 
phase during partial melt. This preferential partitioning results in the continental crust 
having lower Sm/Nd ratios than their respective mantle residues. As Lu and Hf present 
similar chemical properties to Sm and Nd, their behaviour is apparently analogous with 
enrichment of the Lu-Hf ratios in the residual solids in the mantle after partial melt (Faure 
& Mensing 2005).  
The partition coefficients of specific minerals also play an important role in the partial melt 
of the mantle, garnet in particular as it shows high Sm/Nd ratio despite the low 
concentrations of Sm and Nd. Similarly, Lu is highly compatible in garnet. Consequently, 
garnet bearing residual solids present high Lu/Hf ratios. The most important difference 
between the Sm-Nd and Lu-Hf systems is that Hf easily substitutes for Zr due to their 
almost identical ionic radius (0.81 Å and 0.80 Å, respectively). Therefore, Zr bearing 
minerals like baddeleyite and zircon can sequester Hf when present as accessory phases 
(Faure & Mensing 2005).  
Bulk Silicate Earth (BSE) 
The definition of BSE has been a point of debate. The first direct measurement on C, O 
and E meteorites by Blichert-Toft & Albarède (1997) yielded 176Lu/177Hf = 0.0332 ± 
0.0002 and 176Hf/177Hf = 0.282772 ± 0.000029 and an initial Hf isotopic composition of 
0.279718 ± 0.000029. The result of this is that, when combined with the CHUR 
(Chondritic Uniform Reservoir) values defined by Sm-Nd data, the Hf-Nd BSE value 
would plot some 3 εHf units below the terrestrial mantle. This required the presence of a 
hidden unsampled reservoir (most probably oceanic crust and subducted plateaus stored in 
the mantle), and so, primitive mantle could not be the source of ocean island basalts 
(Blichert-Toft & Albarède 1997; Blichert-Toft 2001).  
Salters & White (1998) analysed OIBs and they supported the gradient of 2 εHf = 1 εNd for 
the OIB array. The intersection of this array with chondrite values in Hf-Nd isotope space 
should represent BSE (176Hf/177Hf = 0.2828 and 143Nd/144Nd = 0.51259, 176Lu/177Hf = 
0.0335 and 147Sm/144Nd = 0.1953), which would plot in the oceanic basalt field, and 
therefore eliminate the need of a hidden reservoir.  
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Bizarro et al. (2003) support the view of a missing hidden reservoir. They calculated 
176Hf/177Hf ratio and the 176Lu/177Hf ratios for the present-day BSE that were identical 
within analytical uncertainty to the values of Blichert-Toft & Albarède (1997). This means 
that the 176Hf/177Hf ratios for present-day Hf-Nd bulk-Earth would be some 3 εHf lower 
than the modern mantle array. However, these calculations used the old decay constant of 
Tatsumoto et al. (1981) of 1.983 ± 0.033 x 10-11 y-1. 
Blichert-Toft (2001) suggests the possibility that the values for CHUR/BSE are biased 
because many different chondrites were used to determine the Lu-Hf parameters while 
only two carbonaceous chondrites were used to determine the values for the Sm-Nd 
system (Blichert-Toft 2001). However, Patchett et al. (2004) demonstrated that, unlike Lu-
Hf, the Sm-Nd data for different chondritic meteorites does not show a large spread in 
values and, therefore, the choice of chondritic material should not alter the definition of 
values of 147Sm/144Nd = 0.1966 and 143Nd/144Nd = 0.512638 for the BSE. Conversely, the 
Lu-Hf data for different chondrites show a large spread correlated to the material analysed 
and to analytical issues caused by manual preparation and size of samples. Therefore, 
Patchett et al. (2004) suggested that carbonaceous chondrites would be a reasonable choice 
for the definition of the BSE, with a mean of 176Lu/177Hf = 0.0342 and 176Hf/177Hf = 
0.282843 using the 1.865 ± 0.015 x 10-11 yr-1 decay constant. In this case, the BSE lies well 
within the terrestrial mantle Hf-Nd isotopic array. 
Crust Formation 
The formation of the Earth’s early crust and differentiation of the mantle is also debated. 
Blichert-Toft & Albarède (1997) argued that, with their new parameters, no terrestrial 
basalt seems to have formed from a primitive undifferentiated mantle (see also Goldstein 
et al. 2002). The many hypotheses about the nature of an early enriched reservoir are 
summarized by Vervoort & Blichert-Toft (1999). They are (1) a widespread, evolved, 
continental crust that remained approximately the same size for the last 4.0 Ga, (2) a 
mafic-ultramafic oceanic crust that was recycled and stored in the mantle, (3) a static alkalic 
basaltic crust that was built up serially and stored at the surface of the Earth for an 
extended period of time, and eventually recycled to the mantle by loading and subsidence, 
and (4) a small volume of continental crust corresponding to a small depleted mantle 
reservoir in the early Archean that grew parallel throughout the history of the Earth. Using 
Hf-isotope data, they suggest that this reservoir might be a mafic oceanic-type crust. 
Amelin et al. (1999) also supported the view of a mafic primary crust (with nearly-
chondritic Hf-isotope compositions). Lately, Stevenson et al. (2002) added new data from 
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3 Ga komatiites to previous existing data, and that resulted in an indication of the 
heterogeneity of the isotopic ratios of the early terrestrial mantle.  
Garnet-bearing assemblages and formation of the crust  
The precise determination of the Hf isotope ratios of eclogites and garnet-clinopyroxenites 
is important for the characterisation of mantle reservoirs. If garnet is a major residual 
phase in the lower crust this can retain Lu. Garnet-bearing assemblages residual from a 
crustal melting event would have elevated Lu/Hf and over time would evolve to highly 
radiogenic hafnium isotopic compositions. Modelling of Lu/Hf and Sm/Nd partitioning 
during melting events in the lower crust helped investigate the role of garnet (the “Hf-
paradox” as postulated by Salters & Hart 1989). This indicated either that (a) garnet was 
not a common residual phase in the lower crust, (b) garnet-bearing restite was not easily 
incorporated into late melts (which was their preferred explanation) or (c) not enough time 
had passed to develop anomalous Hf compositions. Another finding was that 
compositions with abundant clinopyroxene would require higher degrees of melting to 
fractionate Lu/Hf from Sm/Nd. 
The idea of garnet-bearing residues is also defended by Blichert-Toft & Albarède (1997), 
who argued that the Hf-Nd mantle array could be explained by the depleted mantle 
forming from garnet-bearing residues left by normal mantle melting. Blichert-Toft et al. 
(1999b) proposed early terrestrial differentiation with majorite-garnet fractionation from 
an extensively molten mantle based on analyses of the Isua metavolcanics. Salters & White 
(1998) explained their OIB array of 2 εHf = 1 εNd with small amounts of garnet. For Salters 
& White (1998) and Chauvel et al. (2006) the unradiogenic end of the OIB array could be 
explained by the recycling of a fixed mixture of sediment and ancient basalt with BSE. 
Salters & White (1998) also suggest that the oceanic crust might be a large component in 
the HIMU reservoirs and that small amounts of perovskite can be responsible for the 
fractionation of both isotope systems in MORB. 
Garnet pyroxenites may be a component in the genesis of basaltic magmas. For example, 
several authors (e.g., Bourdon et al. 1996; Hirschmann & Stolper 1996; Blichert-Toft et al. 
1999b) suggested that basalts originated by a combination of isobaric melting of a 
heterogeneous pyroxenite/peridotite source and polybaric melting of a more 
homogeneous peridotite source. They believed that these pyroxenites were residues left by 
melting of subducted oceanic crust refolded into peridotites. More recently, Albarède et al. 
(2002) used the Lu-Hf and Sm-Nd systems in the Earth, Moon and meteorites to conclude 
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that the mantle source of terrestrial basalts was determined by equilibrium of melt with an 
olivine-clinopyroxene residuum.  
Eclogites and garnet-clinopyroxenites  
Only recently have Hf-isotope data on mantle eclogites become available. Jacob et al. 
(2005) showed that the Hf-Nd isotopic compositions of eclogite xenoliths from Roberts 
Victor are extremely heterogeneous (from -37.8 to +2561 εHf and -26.3 to +636 εNd at the 
time of kimberlite emplacement), reflecting radiogenic in-growth from gabbroic protoliths, 
following subduction and emplacement into the subcratonic lithosphere. Garnet 
pyroxenites from the Beni Bousera Massif in Morocco (Pearson & Nowell 2004) have Hf-
Nd-Sr isotope ratios consistent with recycled oceanic crust and sediment.  
Finally, the Nd-Hf isotopic characteristics of the associated kimberlitic hosts in Southern 
Africa have also been determined by Nowell et al. (2004). Group I and transitional 
kimberlites plot below and towards the mantle array while Group II kimberlites plot on or 
close to the mantle array. Most importantly, the data suggest that the associated megacryst 
suites (i.e., garnet, clinopyroxene) are either genetically related to the kimberlite host or 
that they originate from the same source regions.  
7.2 AIMS 
This aims of this chapter are:  
(1) to decipher the age and provenance of eclogites and garnet pyroxenites using Sm-Nd 
and Lu-Hf techniques; 
(2) to evaluate to what extent entrainment processes reset these isotopic systems; 
(3) to constrain which isotope system better defines protolith age. 
7.3 SAMPLES 
In an attempt to overcome the geochemical imprint of infiltrating 
kimberlite/metasomatism as well as contributions from secondary components (e.g., Jacob 
et al. 2005) mineral separates were studied rather than whole rocks. Garnet and 
clinopyroxene separates from Malaita and South Africa were analysed for Nd, Hf and Sr 
isotopic ratios and relevant elemental concentrations (Appendix E). Whole-rock data were 
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calculated from these ratios (see Appendix E), and used to calculate epsilon values. A 
summary of the isotopic data and age results is presented in Appendix E and table 7.1. 
7.3.1 MALAITA 
7.3.1.1 Overview of the geological background 
The evolution of the Ontong-Java Plateau (OJP) and Malaita Island starts with the 
formation of the OJP due to a major Cretaceous plume, marked by events at 122 ± 3 and 
90 ± 4 Ma (Petterson et al. 1997; Ishikawa et al. 2004). From the end of the Eocene to 
Early Miocene the tectonics changed to a stage of arc development with the subduction of 
the Pacific Plate beneath the Australian Plate. At 44.2 ± 0.2 Ma alkaline to potassic 
volcanism occurred, represented by the Maramasike Formation, but this may also be 
related to a hotspot. Finally at around 34 Ma there was a period of alnöite magmatism 
which entrained the xenoliths.  
7.3.1.2 Data 
Two fractions of clinopyroxene (I and J) and three fractions of garnet (G, H1 and H2) 
from sample RG01 were analysed for Sm and Nd isotopes, where fractions G and H1 
were leached. Garnet H1, which shows anomalously low 143Nd/144Nd (0.512477 ± 
0.0003455), was excluded from the isochron. The Sm-Nd data for all other minerals yield 
an age of 42 ± 6 Ma with an initial 143Nd/144Nd of 0.512773 ± 0.000020 and εNdt of 3.5 ± 
0.3 (fig. 7.1). Lu-Hf analyses for all mineral fractions plus two previous garnet fractions (A, 
leached, and B) yield an age of 69 ± 12 Ma with an initial 176Hf/177Hf of 0.282954 ± 
0.000020 and an εHft of 8.0 ± 0.5 (fig. 7.2). The 87Sr/86Sr ratio from the clinopyroxene is 
0.703812 ± 0.000013.  
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Figure 7.1 – Sm-Nd data for sample RG01 and inset including garnet H1. Whole rock calculated using method 




Figure 7.2 – Lu-Hf data for sample RG01. Whole rock calculated using method described in Appendix E. 
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7.3.1.3 Data interpretation 
The Lu-Hf and Sm-Nd data may record different events. The Sm-Nd age of 42 ± 6 Ma is 
similar to that of the alkaline to potassic volcanism (Maramasike Formation) and within 
error of the age of emplacement of the alnöite host. The Lu-Hf age of 69 ± 12 Ma is older, 
possibly representing cooling after the Cretaceous plume events. 
Epsilon values derived from recalculated whole-rock data set for the Lu-Hf and Sm-Nd 
ages and the age of entrainment of the alnöite host show practically no scatter due to the 
short time span, ranging from 3.8 to 4.2 (εNd) and 8.0 to 8.7 (εHf) (table 7.1). These values 
plot well within the OIB array and close to the HIMU field (fig. 7.3). Sr data also follows 
similar pattern (fig. 7.4). In both cases, the data plot within the upper limits of the field of 
Group I kimberlites, also showing similarities with megacrysts associated to this group.  
These data are consistent with derivation from a depleted mantle and may indicate that the 
source of the garnet-clinopyroxenite was a HIMU/OIB derived basaltic melt with a 
component related to a Cretaceous plume event.  
 
 
Figure 7.3 – εNd vs. εHf  at entrainment age (34 Ma) for garnet pyroxenite RG01 (drawn from Nowell et al. 2004). 
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Figure 7.4 – 87Sr/86Sr vs. εNd at entrainment, Sm-Nd and Lu-Hf ages for garnet pyroxenite RG01 (adapted from 
Nowell et al. 2004). Filled squares represent megacrysts associated to Group I kimberlites and open squares 
represent megacrysts associated to Group II kimberlites.  
 
7.3.2 SOUTH AFRICA 
7.3.2.1 Overview of the geological background of the Kaapvaal Craton 
As summarized in Chapter 02, the evolution of the Kaapvaal Craton starts between 3500 
to 2500 Ma (Poujol et al. 2003). Following the accretion of the Archean terranes and 
blocks, the major thermal perturbations corresponded to Pan-African rifting and closure 
(Coward 1983 in Porada 1989) and the Karoo flood basalts at 183 Ma (Bell et al. 2003) and, 
finally the eruption of Mesozoic kimberlites between 120 and 150 Ma (Group II 
kimberlites) and 80 to 95 Ma (Group I) (Bell et al. 2003). The samples analysed for Sm-Nd 
and Lu-Hf isotopic ratios are associated with both groups of kimberlites. Rb-Sr data on 
phlogopite suggest an age of 128 Ma for the entrainment of the kimberlite host in Roberts 
Victor (Smith et al. 1985), 84 Ma for the Bultfointein pipes (Kramers et al. 1983) and 74 
Ma for the Lovedale kimberlite (Smith et al. 1994).   
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7.3.2.2 Mineral data 
Roberts Victor 
DEJ02 
Three fractions of garnet (A, C and E) and two fractions of clinopyroxene (B and D) were 
prepared for analyses of Sm and Nd isotopes. Due to failure of the chemical separation, 
garnets A and C yielded extremely low ion beam intensities during analysis (0.06 and 0.10 
mV for 144Nd). The resulting 143Nd/144Nd ratios of these garnets do not incorporate all 
error sources and show a large scatter from 0.512950 ± 0.000062 (A) to 0.512485 ± 
0.000067 (C). In contrast, the higher signal obtained from fraction E (0.54 mV) results in a 
more precise and reliable 143Nd/144Nd ratio of 0.512651 ± 0.000022. 
The resulting isochron for the clinopyroxene fractions and garnet E yields an age of 245 ± 
25 Ma with initial 143Nd/144Nd of 0.512067 ± 0.000033 and εNdt of -5.2 ± 0.4 (fig. 7.5). Lu-
Hf analyses of a different batch of samples (one garnet and one clinopyroxene fraction) 
result in an age of 227 ± 47 Ma, initial 176Hf/177Hf of 0.282235 ± 0.000029 and εHft of -
14.0 ± 0.7 (fig. 7.6). 87Sr/86Sr ratio for clinopyroxene is 0.706108 ± 0.000017. 
DEJ03 
Sm-Nd analyses of two garnet fractions (13A, leached, and 13B) and a clinopyroxene 
fraction result in an age of 208 ± 18 Ma with an initial 143Nd/144Nd of 0.511857 ± 
0.000040 and  εNdt of -10.2 ± 0.4 (fig. 7.7). The Lu-Hf age calculated from analyses of a 
different garnet and clinopyroxene pair (129 ± 12 Ma) is younger than that of the Sm-Nd 
system and the same as the age of entrainment of the kimberlite host, with an initial 
176Hf/177Hf of 0.282219 ± 0.000011 and a negative εHft of -16.7 ± 0.4 (fig. 7.8).  The 
87Sr/86Sr ratio for clinopyroxene is 0.706284 ± 0.000009. 
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Figure 7.5 – Sm-Nd clinopyroxene-garnet isochron of sample DEJ02 and inset including garnet fractions A and C. 






Figure 7.6 – Lu-Hf data for sample DEJ02 from different garnet and clinopyroxene separates showing similar age 
to the Sm-Nd age. Whole rock calculated using method described in Appendix E. 
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Figure 7.8 – Lu-Hf data for sample DEJ03 showing reset at the time of kimberlite emplacement, resulting in a 
younger age than the Sm-Nd age. Whole rock calculated using method described in Appendix E. 
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R30 
The Sm-Nd data for sample R30 is based on two fractions of garnet (15A, leached, and 
15B) and one of clinopyroxene while Lu-Hf data was acquired from a different batch of 
garnet and clinopyroxene. This sample has a Sm-Nd age of 963 ± 42 Ma with initial 
143Nd/144Nd of 0.511672 ± 0.000045 and εNdt of 5.2 ± 0.5 and a Lu-Hf age of 1953 ± 13 
Ma with initial 176Hf/177Hf of 0.281708 ± 0.000019 and εHft of 5.9 ± 0.6 (figs. 7.9 and 7.10). 
The clinopyroxene has a very unradiogenic 87Sr/86Sr ratio of 0.700743 ± 0.000025.  
DJ0288 
Two fractions of garnet (17A, leached, and 17B) and one fraction of clinopyroxene were 
analysed for Sm-Nd resulting in an age of 431 ± 91 Ma, with an initial 143Nd/144Nd of 
0.511906 ± 0.000216 and -3.6 ± 2 εNdt (fig. 7.11). Conversely, Lu-Hf analyses shows that 
garnet is less radiogenic than coexisting clinopyroxene. Garnets are invariant, with a 
176Hf/177Hf ratio of 0.281781 ± 0.000021 while clinopyroxenes yield a 176Hf/177Hf ratio of 
0.282012 ± 0.000021 which is similar to other clinopyroxenes from the same locality (fig. 
7.12). This anomalous isotopic disequilibrium has also been observed in similar samples by 
Simon et al. (2002) and Jacob et al. (2005). This decoupling has been explained by 
extensive interaction with infiltrating melts (Simon et al. 2002). Mineral trace element data 
(Chapter 06) corroborates the idea of metasomatism as garnets show zonation with 
enrichment of LREE and Hf at the rim. 
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Figure 7.9 – Sm-Nd data for sample R30. Whole rock calculated using method described in Appendix E. 
 
 
Figure 7.10 – Lu-Hf data for sample R30. Both Sm-Nd and Lu-Hf ages for this sample are the oldest in the 
dataset. Whole rock calculated using method described in Appendix E. 
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Figure 7.11 – Sm-Nd clinopyroxene-garnet isochron of sample DJ0288. Whole rock calculated using method 
described in Appendix E. 
 
 
Figure 7.12 – Hf-Nd data for sample DJ0288. The anomalous partitioning between clinopyroxene and garnet 




 07 RADIOGENIC ISOTOPES
Lovedale 
02073 
The clinopyroxene-garnet Sm-Nd isochron for sample JAR 02073 produced an age of 76 
± 3 Ma, with initial 143Nd/144Nd of 0.512396 ± 0.000010 and an εNdt value of -2.9 ± 0.1 
(fig. 7.13). The Sm-Nd age coincides with the age of emplacement of the kimberlite host 
(74 Ma, Smith et al. 1994). The Lu-Hf age from the same separates is 161 ± 3 Ma, with 
initial 176Hf/177Hf of 0.282400 ± 0.000009 and an εHft of -9.6 ± 0.3 (fig. 7.14). The 
87Sr/86Sr ratio for the clinopyroxene is 0.706887 ± 0.000011. 
02093 
Sm-Nd analyses of clinopyroxene and garnet yield an age of 89 ± 2 Ma with an initial 
143Nd/144Nd =0.512316 ± 0.000011 and an εNdt of -4.2 ± 1.8 (fig. 7.15). The Sm-Nd age, 
differently from sample JAR 02073, is slightly older than the age of emplacement of the 
Lovedale pipes. The Lu-Hf age for the same separates is 120 ± 1 Ma, with an initial 
176Hf/177Hf of 0.282897 ± 0.000006 and an εHft of 7.0 ± 0.2 (fig. 7.16). 
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Figure 7.14 – Lu-Hf data for sample JAR 02073. Whole rock calculated using method described in Appendix 
E. 
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Sample RDK1 yields a Sm-Nd age of 441 ± 2 Ma from a two-point isochron, with an 
initial 143Nd/144Nd of 0.512060 ± 0.000008 and εNdt of -0.4 ± 0.1 (fig. 7.17). The Lu-Hf 
age for the same garnet and clinopyroxene separates is 776 ± 3 Ma, with an initial 
176Hf/177Hf =0.282279 ± 0.000007 and εHtf of -0.3 ± 0.2 (fig. 7.18). These ages are 
considerably older than those for samples from Roberts Victor and Lovedale, with the 
exception of sample R30, as mentioned above, and sample DJ0288 which shows a negative 
Lu-Hf age but similar Sm-Nd age (430 Ma).  
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Figure 7.17 – Sm-Nd data for sample RDK1. This represents the second oldest Sm-Nd age of the set. Whole 
rock calculated using method described in Appendix E. 
 
 
Figure 7.18 – Lu-Hf data for sample RDK1. Although the Sm-Nd age is the second oldest among the set, the Lu-
Hf age is still younger than samples R30 and 713. Whole rock calculated using method described in Appendix E. 
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Bultfontein 
B21 
Sm-Nd analyses of clinopyroxene and garnet yield an age of 23 ± 9 Ma, with an initial 
143Nd/144Nd of 0.512471 ± 0.000022 and an εNdt of -2.8 ± 0.2 (fig. 7.19). Lu-Hf analyses 
for the same separates provide an age of 164 ± 13 Ma, with an initial 176Hf/177Hf of 
0.282653 ± 0.000019 and an εHft of -0.6 ± 0.5 (fig. 7.20). While the Sm-Nd is completely 
reset, the Lu-Hf age is still older than the known age of kimberlite emplacement (84 ± 1 
Ma, Rb-Sr on phlogopite, Kramers et al. 1983). 87Sr/86Sr for the clinopyroxene is 0.705582 
± 0.000023. 
713 
The garnet and clinopyroxene Sm-Nd isochron for sample 713 gives an age of 173 ± 5 Ma, 
with an initial 143Nd/144Nd of 0.512048 ± 0.000009 and an εNdt of -7.3 ± 0.1 (fig. 7.21). 
The Lu-Hf age for the same minerals is 981 ± 4 Ma, with an initial 176Hf/177Hf of 0.282735 
± 0.000006 and a very positive εHft of 20.4 ± 0.2 (fig. 7.22). 87Sr/86Sr for the clinopyroxene 
is 0.707226 ± 0.000013. 
 
 
Figure 7.19 – Sm-Nd clinopyroxene-garnet isochron of sample B21 showing almost complete resetting compared 
to the Lu-Hf age. Whole rock calculated using method described in Appendix E. 
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Figure 7.20 – Lu-Hf clinopyroxene-garnet isochron of sample B21. Whole rock calculated using method 
described in Appendix E.   
 
 
Figure 7.21 – Sm-Nd data for sample 713. Whole rock calculated using method described in Appendix E. 
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Figure 7.22 – Lu-Hf data for sample 713.  The Lu-Hf age is the second oldest age in the set, but the same is not 
true for the Sm-Nd age. Whole rock calculated using method described in Appendix E.  
7.3.2.3 Recalculated whole rock data 
Whole rock ages 
The Sm-Nd and Lu-Hf ages calculated from mineral data from Kaapvaal eclogites and 
garnet pyroxenites show a wide range of ages and a lack of consistency between Sm-Nd 
and Lu-Hf ages. Using reconstructed whole rocks Jagoutz et al. (1984) obtained a Sm-Nd 
age of 2700 ± 100 Ma for eclogites from Roberts Victor. More recently, Jacob et al. (2005) 
extended the dataset and obtained a similar Sm-Nd age of 2763 ± 330 Ma as well as a Lu-
Hf age of 2349 ± 140 Ma (figs. 7.23 and 7.24). These Archean ages are also supported by 
Pb-Pb and Re-Os analyses (Kramers 1979 & Shirey et al. 2001). Although the age reported 
by Jagoutz et al. (1984) and Jacob et al. (2005) is well constrained within the periods of 
accretion and subduction of the Archean terranes forming the Kaapvaal Craton (Poujol et 
al. 2003), new U-Pb data in zircons (Shirey et al. 2004) may suggest an even older age for 
these eclogites (3.061 ± 0.006 Ga). A close examination of the initial data set of Jagoutz et 
al. (1984) suggests that the spread observed is due to two samples with more extreme 
isotopic compositions. However, neither the samples of Jacob et al. (2005) nor the samples 
from this study reproduce such values (figs. 7.23 and 7.24). Indeed, neither the dataset 
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presented in this study nor the data from Jacob et al. (2005) permit the establishment of an 
isochron when plotted on their own (figs. 7.25 and 7.26).  
The fact that these samples show such highly radiogenic values suggests that these two 
samples may have had different initial isotopic ratios and, therefore, would not belong to a 
single suite. Additional evidence from trace element data (Chapter 06) also suggests that 
samples from Roberts Victor might have experienced different events (e.g., partial melting 
or different extent of metasomatism by kimberlite-like melts) and hence, may have not 
behaved as a closed system for the same time, which results in a different evolution of 
their isotopic ratios.  
Therefore, for these samples, it is not possible to guarantee that the fundamental 
assumptions of a comagmatic suite and of a closed system behaviour are valid. Even more, 
the 2.7 Ga age of Jagoutz et al. (1984) and Jacob et al. (2005) would relate only to the two 
extremely enriched samples while the remaining samples in the dataset are not able to yield 
an isochron (figs. 7.25 and 7.26). 
 
 
Figure 7.23 – Sm-Nd isochron based on recalculated whole rock data for Roberts Victor and (in red) other 
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Figure 7.24 – Lu-Hf isochron based on recalculated whole rock data for Roberts Victor and (in red) other 





Figure 7.25 – Sm-Nd recalculated whole rock data for Roberts Victor. The data yields no significant isochron due 
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Figure 7.26 – Lu-Hf recalculated whole rock data for Roberts Victor. The data yields no significant isochron due 
to the constricted range of values.  
Mantle isotopic compositions 
Epsilon Hf and Nd for the present day scatter over both positive and negative values. εNd 
ranges from -11.6 to 9.7 and εHf ranges from -32.8 to 31.3 (fig. 7.27, table 7.1). Most of the 
eclogite samples plot within the Kaapvaal xenolith field (Simon et al. 2002) with others 
overlapping with Group II and transitional kimberlites. As such most of the samples plot 
away from oceanic data (i.e., MORB and OIB) with the exception of the Roodekraal 
sample RDK1, which plots within the OIB field. 
Although not restricted to the OIB field, sample JAR 02093 from Lovedale also plots 
within the field of the Kaapvaal peridotites. This is a different behaviour from the other 
sample from Lovedale, JAR 02073, which plots closer to the field of transitional 
kimberlites (Nowell et al. 2004) despite belonging to a suite hosted by a Group I kimberlite 
(Smith et al. 1994). A plot of Sr data over εNd also indicates similarities with transitional 
kimberlites (fig. 7.28). Within the Roberts Victor samples, DEJ03 is the only sample that 
shows similarities with the field of transitional kimberlites in terms of Hf and Nd isotopes.  
The remaining samples from Roberts Victor show more extreme values. Sample R30 plots 
in a depleted area of Kaapvaal peridotites, with εHf more positive than OIB or MORB and 
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more negative initial Sr ratios than MORB. Conversely, sample DJ0288 shows more 
enriched εHf values than either the oceanic array or the kimberlitic fields although the Sr-
εNd plot suggests similarities with Group I kimberlites.  
In the εHf-εNd diagram (fig. 7.27) the two websterites from Bultfontein plot with other 
peridotites from the Kaapvaal Craton although sample B21 also lies with the field of OIB. 
However, on a Sr-εNd diagram (fig. 7.28) B21 shows similarities with Group I kimberlites 
and sample 713 plots within the field of Group II kimberlites. 
The isotopic heterogeneity displayed by the Kaapvaal cratonic eclogites cannot be 
reconciled with a common source. From previous data it has been suggested that the most 
likely sequence of events consists of an Archean (ca. 3Ga, Shirey et al. 2004) oceanic 
source (e.g., oxygen isotopes data, Chapter 04), subducted at around 2.7 Ga (Poujol et al. 
2003), which may have undergone partial melting (e.g., trace element data, Chapter 06) and 
metasomatism by passing kimberlite-like melts and/or by the host kimberlite at around 
128 Ma (e.g., mineral chemistry, Chapter 03). 
Epsilon values calculated at present, 128 Ma, 2700 Ma and 3450 Ma show different 
trajectories even when isotopic ratios calculated at present are similar; e.g., DEJ03 moves 
past MORB compositions at older ages while DEJ02 shows more negative εNd values at 
older ages (fig. 7.30). This is mostly a consequence of different concentrations of Sm, Nd, 
Lu and Hf despite the similarities in isotopic ratios and as such, cannot be ascribed to 
specific events at 128 Ma, 2700 Ma or 3450 Ma. Therefore, the inverse modelling of a 
source for these samples is not feasible and forward modelling is more appropriate.  
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Figure 7.27 – Plot of εNd vs. εHf  at present for eclogites and garnet pyroxenites from the Kaapvaal Craton 





Figure 7.28 – 87Sr/86Sr vs. εNd at entrainment, Sm-Nd and Lu-Hf ages for garnet pyroxenite JAR 02073 from 
Lovedale and websterites from Bultfontein (adapted from Nowell et al. 2004). Filled squares represent 
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Figure 7.29 – 87Sr/86Sr vs. εNd at entrainment, Sm-Nd and Lu-Hf ages for garnet pyroxenite and eclogites 
from Roberts Victor (adapted from Nowell et al. 2004). Filled squares represent megacrysts associated to 
Group I kimberlites and open squares represent megacrysts associated to Group II kimberlites. 
The selection of a likely source initially followed the criteria for the modelling of trace 
element behaviour in Chapter 06. Nevertheless, the limited availability of Lu-Hf data in the 
literature has restricted the choice of an adequate sample to komatiites and basalts from 2.7 
and 3.45 Ga Greenstone Belts in Southern Africa (Blichert-Toft & Arndt 1999) which are 
both similar/older than the supposed age of the subduction event and spatially related to 
the eclogite xenoliths. Nevertheless, priority can be given to the 3.45 Ga komatiites (and 
one tholeiitic basalt) from the Barberton Greenstone Belt as they follow the evolution of 
the komatiites from the 2.7 Ga Greenstone Belts (fig. 7.31). The values from Blichert-Toft 
& Arndt (1999) were recalculated using the 1.865 ± 0.015 x 10-11 yr-1 decay constant for Lu 
(Scherer et al. 2001) and show a wider spread at 3.45 Ga than the original data of Blichert-
Toft & Arndt (1999) which used the old decay constant of 1.94 ± 0.07 x 10-11 yr-1 
(Tatsumoto et al. 1981). The evolution of the komatiites from 3.45 Ga to the age of 
emplacement of the kimberlites follows a trajectory toward more negative εHf and εNd 
values. The values at 128 Ma cluster closer to the field of transitional kimberlites and the 
range extends towards the field of Group II kimberlites mostly because of the tholeiitic 
basalt sample. However, at 128 Ma only samples DEJ03 and DEJ02 from Roberts Victor 
plot near to the area delimited by the Barberton komatiites. 
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On the other hand, the behaviour of the Barberton samples is similar to estimates for the 
MORB Mantle at around 3.0 Ga (e.g., Nowell et al. 2004). Thus, if the eclogites originated 
from a melt with MORB affinities and if they were not affected by further events like 
metasomatism the samples should follow the trajectory shown by the Barberton komatiites. 
Therefore, in addition to the trace element and oxygen isotopes data, which suggest the 
subduction and possibly partial melting of an oceanic crust protolith, the general 
disagreement between the samples and the values estimated from the selected Archean 
source can be used to exclude the possibility of an origin directly from a basaltic melt. 
Previous data (e.g., mineral chemistry and trace elements, chapters 03 and 06) suggest the 
possible metasomatic effects of kimberlite-like melts on most of the samples. Although at 
first metasomatism by such melts would be expected to shift the isotopic ratios of the 
samples at the time of emplacement (ca. 128 Ma), the evidence from the studied dataset is 
questionable. Initially, samples would be expected to fit a mixing line between the field of 
komatiites at ca. 128 Ma and the field for Group I kimberlites (for samples from Lovedale 
or Roodekraal) or Group II kimberlites (for samples from Roberts Victor). Sample JAR 
02073 from Lovedale does indeed plot within such a mixing curve (fig. 7.32) and it may be 
possible that sample DEJ03 may represent mixing between a komatiitic protolith at 128 
Ma and Group II kimberlites, although this would be obscured by the relative overlap of 
both fields. Nevertheless, the remaining samples are placed much further from any mixing 
curves. 
 
Figure 7.30 – Plot of εNd vs. εHf for eclogites and garnet pyroxenites at present (circles with black border), 128 Ma, 2.7 
Ga and 3.45 Ga. OIB, MORB and kimberlite fields from Pearson & Nowell (2004) are presented for reference.  
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Figure 7.31 – Plot of εNd vs. εHf  at 128 Ma for eclogites and garnet pyroxenites from the Kaapvaal Craton 
(adapted from Pearson & Nowell 2004). Shaded area represents data for Kaapvaal peridotites from Simon et al. 
(2002). Additionally, plot of εNd vs. εHf  for komatiites from the Barberton Greenstone Belt (Blichert-Toft & 
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Figure 7.32 – Plot of εNd vs. εHf at 128 Ma for eclogites and garnet pyroxenites from the Kaapvaal Craton 
(adapted from Pearson & Nowell 2004). Shaded area represents data for Kaapvaal peridotites from Simon et al. 
(2002). Additionally, plot of εNd vs. εHf for komatiites from the Barberton Greenstone Belt (Blichert-Toft & 
Arndt 1999) at 3.45 Ga (blue area), 2.7 Ga (pink area) and 128 Ma (yellow area). Mixing curves from average 
komatiite and Group I kimberlites (dark blue) at 10% intervals. 
As discussed in Chapter 06 (Trace elements), some authors suggest that eclogite suites 
from South Africa represent a residue after partial melting of subducted oceanic crust (e.g., 
Barth et al. 2001; Jacob & Foley 1999). Following the trace elements calculations (Chapter 
06), some of the samples included in this dataset may represent residues after ca. 6% point 
average fractional melting of a source similar to the Barberton komatiites in equilibrium 
with tonalitic melts. Nevertheless, the evolution of a garnet-bearing residue follows a 
trajectory towards more positive εHf and εNd values and, at 128 Ma, the residue of an event 
of partial melt at 2.7 Ga would plot close to the field of Group I kimberlites. Therefore the 
resulting samples would be indiscernible from Group I kimberlites while mixing between 
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partial melt residues and komatiites at 128 Ma almost overlaps with the mixing field of 
Group I kimberlites and komatiites at 128 Ma (fig. 7.33). Thus, a partial melt event (with 
possible mixing with the kimberlite host) cannot account for all the isotopic ratios 
observed in this dataset.  
 
Figure 7.33 – Plot of εNd vs. εHf at 128 Ma for eclogites and garnet pyroxenites from the Kaapvaal Craton 
(adapted from Pearson & Nowell 2004). Shaded area represents data for Kaapvaal peridotites from Simon et al. 
(2002). Additionally, plot of εNd vs. εHf for komatiites from the Barberton Greenstone Belt (Blichert-Toft & 
Arndt 1999) at 3.45 Ga (blue area), 2.7 Ga (pink area) and 128 Ma (yellow area). Green diamond represents 
values after point average fractional partial melt at 2.7 Ga, red curves represent values recalculated to 128 Ma at 
10% interval and green curves represent values recalculated to 74 Ma at 10% interval (black circle highlights 6% 
partial melting). Mixing curve from 6% partial melt and Group II kimberlites (Roberts Victor, light blue) at 128 
Ma at 10% intervals. Mixing curve from 6% partial melt and Group I kimberlites at 74 Ma (grey) at 10% 
intervals. 
Neither inverse nor forward modelling can properly replicate the values observed for this 
dataset. Mineral chemistry (Chapter 03) suggests pre-entrainment metasomatism of the 
samples by a kimberlite-like melt (or melts) but, to date, there is no method to establish 
accurately the timing, the source and the extent of metasomatism since it can be a result of 
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multiple events at various times. Nowell et al. (2004) calculated the effects of 
metasomatism by addition of 0.1 to 10% Group I kimberlite/picritic melt to 3 Ga 
Depleted Continental Mantle at various times from 1.5 Ga. The resulting range of values 
corresponds to a wide field towards higher εHf and εNd (fig. 7.34). Despite the large extent 
of the field, the remaining samples from this study, with the exception of sample DJ0288, 
tend to fit well with this behaviour. 
While the evaluation of the Sm-Nd and Lu-Hf isotopic signatures is hindered by the 
effects of metasomatism, the very low 87Sr/86Sr ratio in clinopyroxene for sample R30 
provides an alternative insight into the evolution of the Archean mantle. Firstly, since the 
bulk of the concentration of Sr is restricted to the clinopyroxene in a garnet + 
clinopyroxene assemblage, this ratio can represent the whole rock Sr concentration. 
Secondly, the very unradiogenic 87Sr/86Sr ratio (0.700743 ± 0.000025) means that any 
radiogenic ingrowth is neglectable and, therefore, this ratio also represents the real initial 
87Sr/86Sr ratio of the sample. Finally, Sr ratios in different materials in nature are more 
radiogenic than the ratio observed; any mixture like the metasomatism observed for the 
Sm-Nd and Lu-Hf systems would result in much higher values for the Sr isotopic ratio. 
This is evident in figure 7.35 were modelling of the evolution of the Sr isotopic ratio in 
time results in a constant curve. This modelling indicates differentiation from the mantle at 
3.15 Ga.  
Figure 7.34 – Effects of kimberlitic metasomatism on 3 Ga Depleted Continental Lithospheric Mantle (after 
Nowell et al. 2004).   
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Figure 7.35 – Model of the evolution of 87Sr/86Sr ratios of samples R30 in time. Bulk Silicate Earth (BSE) and 
Depleted MORB Mantle (DMM) from Workman & Hart (2005). Basaltic Achondrite Best Initial (BABI) value 
from Papanastassiou & Wasserburg (1969). Sample R30 intercepts the BSE at 3.15 Ga. 
7.4 DISCUSSION 
Mineral data 
The minerals (clinopyroxene and garnet) analysed in this study compare well with previous 
samples described by Jacob et al. (2005). Garnets range from 176Hf/177Hf = 0.281782 to 
0.303013 and 143Nd/144Nd = 0.512357 to 0.516047 while clinopyroxenes range from 
176Hf/177Hf = 0281750 to 0.282977 and 143Nd/144Nd = 0.512022 to 0.512852. The 
expected partitioning of Lu-Hf and Sm-Nd between clinopyroxene and garnet is observed 
in the majority of cases, with one exception sample DJ0288, which shows a much more 
depleted 176Hf/177Hf ratio for garnet than for-coexisting clinopyroxene. This anomalous 
partitioning or disequilibrium has been noticed in other garnet-clinopyroxene bearing 
xenoliths from the Kaapvaal Craton (Simon et al. 2002; Jacob et al. 2005). 
The Hf and Nd isotope ratios of the cratonic samples, displayed in terms of εHf and εNd 
from recalculated whole rock data, span a wide range of values and reveal heterogeneous 
regions within the mantle. However they are more restricted than the Hf-Nd values 
reported by Jacob et al. (2005) (-21.4 to 484 εNd and -40.5 to 538 εHf) (fig. 7.27). Only one 
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Mantle ages 
Apart from the anomalous sample DJ0288 which yields a negative Lu-Hf age due to 
inverse partitioning between clinopyroxene and garnet, Lu-Hf ages are usually older than 
the Sm-Nd ages (Table 7.1).  
As mentioned above, the ages for the Malaita sample seem to be associated with different 
events. Both ages are older than the emplacement age of the alnöite host (34 Ma), but the 
Sm-Nd age (42 Ma) is within error of potassic volcanism (Maramasike Formation) while 
the Lu-Hf age (69 Ma) is older than that event but younger than the Cretaceous plume 
activity, probably representing a minimum age related to the subsequent cooling of the 
lithosphere.  
The results for the cratonic samples are, at first, more complex. All eclogites and garnet-
clinopyroxenites from Lovedale and Roodekraal and the websterites from Bultfontein have 
Lu-Hf ages older than Sm-Nd ages. For sample B21, the Sm-Nd age (23 Ma) is much 
younger than the entrainment age of the kimberlite host (84 Ma). Since there are no events 
known to have affected the sample after entrainment by the kimberlite host, this is 
evidence that the Sm-Nd system has been otherwise disturbed. 
The Roberts Victor samples show a greater variance of results: negative Lu-Hf (DJ0288), 
same ages within error (DEJ02), older Sm-Nd age (DEJ03) and older Lu-Hf age (R30). For 
sample DEJ03, the younger Lu-Hf age corresponds to resetting at the time of entrainment 
of the kimberlite host (ca. 129 Ma). Similarly to sample DJ0288, this sample is 
characterised by textural and mineralogical evidence of intense alteration/metasomatism, 
possibly indicating greater interaction with the kimberlite melt during emplacement. 
Sample R30, though, is noteworthy for the very old ages recorded by both Lu-Hf (1953 
Ma) and Sm-Nd (963 Ma) systems. 
Therefore, the fact that the Lu-Hf ages are usually older than the Sm-Nd system seems to 
corroborate the evidence from Blichert-Toft et al. (1999b), Scherer et al. (2000) and Bedini 
et al. (2002) that the closure temperature of the Lu-Hf system in the garnet-clinopyroxene 
pair is higher than that of the Sm-Nd system. Consequently, even though the mineral ages 
appear to represent cooling ages, the Lu-Hf is generally a more robust method of dating 
(minimum ages) for these garnet-bearing samples. On the other hand, the assessment of 
reconstructed whole-rock data is equivocal. In particular, the dataset from this study fails 
to provide an isochron.  
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Conversely, the Sr isotopic data provides an Archean age for sample R30. The chronology 
of the evolution of the Kaapvaal Craton is well established with U-Pb analyses in zircon, 
titanite, sphene and monazite and Pb-Pb evaporation analyses in zircons in Paleoarchean 
to Neoarchean volcano-sedimentary sequences (Poujol et al. 2003). The resulting values 
indicate the time span from 3600 to 2500 Ma for the construction of the continental crust. 
In particular, the Barberton area is marked by arc-related magmatism between 3600 and 
3200 Ma, followed by cratonic magmatism between 3100 and 3000 Ma and continent-arc 
collision from 3000 to 2700 Ma (Poujol et al. 2003). Additionally, Shirey et al. (2004) 
present a U-Pb age of 3.061 ± 0.006 Ga for zircons within Roberts Victor eclogites. 
Clearly, the Archean model Rb-Sr age of sample R30 represents the differentiation of the 
mantle and formation of the crust within the Kaapvaal Shield at around 3.15 Ga.  
Lu-Hf methodology 
The issue of the determination of closure temperatures for the Lu-Hf system in mineral 
pairs is an example of some of the issues still to be overcome. As a new method, only a 
limited amount of Lu-Hf data is available in the literature. Furthermore, a direct 
comparison between new data and those from literature must be treated with caution as 
there may be the need for correction of previously published data, e.g., recalculation with 
the new decay constant (1.865 ± 0.015 x 10-11 yr-1, Scherer et al. 2001) as for the Archean 
samples from Blichert-Toft & Arndt (1999).  
One of the issues that arise from both the uncertainties in the closure temperatures of 
mineral pairs and the restricted dataset presented in the literature concerns the robustness 
of the system and, therefore, the feasibility of the application of the method to garnet-
bearing xenoliths. Much of the data presented above show evidence of disturbances of 
both the Sm-Nd and the Lu-Hf systems. As such the search for protolith ages is affected 
by post-formation, pre-entrainment events and the entrainment process itself. Although 
discordances between the Sm-Nd and Lu-Hf mineral ages suggest that the Lu-Hf system 
tends to be more robust, the samples from Kaapvaal show disagreement within samples 
from the same localities. For example, the Roberts Victor samples cover a wide range of 
Lu-Hf ages from Proterozoic ages (R30, 1953 Ma), to more recent ages (DEJ02, 227 Ma) 
and even the age of emplacement of the Roberts Victor kimberlite (DEJ03, 128 Ma) or 
unrealistic negative ages (DJ0288, -345 Ma). 
Specifically in the case of Roberts Victor sample DJ0288, the negative age is a result of the 
inverted partition between garnet and coexisting clinopyroxene. While clinopyroxene 
values are similar to those of other samples from Roberts Victor, trace element data in 
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garnet reveals strong zonation with enrichment in the LREE from core to rim by, which 
has not been observed in other samples. This feature has been suggested to represent 
metasomatism by kimberlite-like melts (e.g., Ireland et al. 1994; Barth et al. 1991).  
The Sm-Nd mineral data of Bultfontein sample B21 is also an indication that not only 
eclogite or garnet-clinopyroxenites may have been exposed to different events. In this case, 
the 23 Ma Sm-Nd mineral age is an indication that the Sm-Nd system has remained 
opened while the Lu-Hf is reset at 164 Ma.  
The fact that sample DJ0288 shows similar clinopyroxene values to other samples from 
Roberts Victor raises a new question. Values for clinopyroxenes for Roberts Victor are 
mostly invariant, averaging 0.000778 ± 0.000004 176Lu/177Hf and 0.282055 ± 0.000020 
176Hf/177Hf, while garnets show a wider spread with average 0.88563 ± 0.000508 
176Lu/177Hf and 0.283620 ± 0.000026 176Hf/177Hf (fig. 7.36 and Appendix E). 
Clinopyroxene values might be expected to resemble initial values due to the low 
concentrations of Lu and resulting low ingrowth. In contrast, the large spread of the values 
of garnets is responsible for the varied ages observed. Nevertheless, if we suppose that the 
Lu-Hf system remained closed, resetting of the system would result in rotation of the 
isochron around the values for the bulk whole rock (i.e., garnet and clinopyroxene values 
would equal the whole rock values). The fact that for these samples clinopyroxenes are 
invariant, unlike garnets, may suggest the existence of later event(s) that affected 
clinopyroxenes but to which garnets were more resistant. Alternatively, resetting of the 
values could be attenuated as the bulk whole rock values are similar to those of the 
clinopyroxene. In support of this, mineral chemistry of the clinopyroxenes shows evidence 
for preferential metasomatism or alteration of the clinopyroxenes, in contrast to garnets 
which are robust (Chapter 03). Thus, the samples from Roberts Victor (and similarly other 
samples from the Kaapvaal Craton) may not always represent closed systems, and, 
therefore, result in some of the more peculiar ages. 
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Figure 7.36 – Clinopyroxene 176Lu/177Hf and 176Hf/177Hf ratios for samples from the Kaapval Craton. 
On the other hand the ages for the Malaita sample seem to correlate well with the 
geological history of the region. In addition, the Lu-Hf age is older than the Sm-Nd age. 
The Malaita garnet clinopyroxenite exemplifies the relative simplicity of oceanic mantle 
systems whilst the Kaapvaal eclogites record the longevity and complexity of the shallow 
continental mantle. The evolution of the Malaita-Ontong Java Plateau area is tightly 
constrained to a period of ≤ 100 Ma between formation of the plateau (122 and 90 Ma) 
and emplacement of the alnöite host at 34 Ma (Petterson et al. 1997; Ishikawa et al. 2004). 
The evolution of the Kaapvaal Craton is an order of magnitude more complex covering 
3000 Ma between formation of the craton (3.6 – 3.0 Ga) and subduction of the Archean 
terranes (2.7 Ga) (Poujol et al. 2003) and plume activity represented by the Karoo flood 
basalts at 183 Ma and the emplacement of kimberlites [120 and 150 Ma (Group II) and 80 
to 95 Ma (Group I)] (Bell et al. 2003). Therefore, the potential existed over 3 Ga for the 
Kaapvaal eclogites to be exposed to several thermo-tectonic events which could have reset 
their isotopic systems. Indeed it is ironic that given the complexity of the evolution of the 
craton that Archaen ages can survive over 3 Ga, particularly in the Rb-Sr system. 
Conversely, even if the Malaita sample had been exposed to further contamination leading 
to elemental heterogeneity, insufficient time was available to express that as isotopic 
heterogeneity. Furthermore, the old Sm-Nd (963 Ma) and Lu-Hf (1953 Ma) ages of sample 
R30 are an example of a sample from the Kaapvaal Craton that has been affected by 
metasomatism or thermal events in the Phanerozoic, differently from the Sr isotopic 
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system. Additionally, the Sm-Nd age of sample DEJ03 is clearly related to the age of 
entrainment of the kimberlite.  
While the meaning of the mineral ages may be debated, one could argue that whole rock 
ages may represent an alternative method for determining the age of the protoliths. 
However, it has been shown above that this approach is unsuccessful. The previous work 
of Jagoutz et al. (1984) was largely dependent on a spread in Sm/Nd ratio constrained by 
two samples with extreme compositions that must belong to a different suite from the 
remainder of the set. One could as easily argue that all the samples are unrelated in time 
and space given (a) the depth range of kimberlite entrainment (ca. 150 km of shallow 
mantle); (b) the multiplicity of processes that could have affected the protolith(s); and (c) 
the age of the craton (3200 Ma). The Sm-Nd and Lu-Hf data presented by Jacob et al. 
(2005), and in this study, fail to define an isochron if not associated with these two extreme 
points of Jagoutz et al. (1984). Therefore, this is additional evidence to the mineral data 
that either (i) the whole rock system has remained opened or (ii) that the samples belong to 
different suites or comagmatic suites that followed different evolutionary trajectories.  
Isotopic signatures 
The reconstructed whole rock data show heterogeneity of isotopic ratios but the spread in 
εNd and εHf values for the Kaapvaal eclogites is smaller than that of reported by Jacob et al. 
(2005) for Roberts Victor. Forward and inverse modelling has been used to demonstrate 
that the isotopic evolution of the Archean protolith has been obscured by multiple pre-
entrainment metasomatic events by kimberlite-like melts (i.e., Group II and transitional 
kimberlites) (e.g., Nowell et al. 2004). Websterites are also affected as, similarly to other 
peridotites from the Kaapvaal Craton (Simon et al. 2002), they plot away from the values 
of the Depleted Mantle towards more positive εHf values (Nowell et al. 2004). Furthermore, 
the data shows decoupling between Nd-Hf and Sr-Nd signatures.  
Conversely, the isotopic signature of the oceanic sample is consistent with derivation from 
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7.5 CONCLUSIONS 
(1) The Kaapvaal samples represent a variety of protoliths whose isotopic signatures have 
been disturbed by single/multiple pre-entrainment metasomatic events involving LREE 
enriched melts (e.g., kimberlites). The latter event(s) hinder the evaluation of a whole rock 
age for the protolith.  
(2) Garnet-clinopyroxene pairs define Lu-Hf and Sm-Nd ages which can differ by 30-1000 
Ma. Usually the Lu-Hf age is older and indicates that it is somehow less susceptible to 
resetting of the isotope system by metasomatism or during entrainment/emplacement. 
(3) The Roberts Victor eclogite R30 defines a somewhat unique Archean reservoir 
characterised by very low Hf, Nd and Sr isotopes with light oxygen ratios. The low Sr 
isotopic ratios allow for the evaluation of the initial bulk values and yields an Archean (3.15 
Ga) age for the protolith. 
(4) The eclogites and pyroxenites display Hf-Nd-Sr heterogeneity similar to that of Group 
II or transitional kimberlites believed to have a shallow lithospheric mantle contribution. 
This may indicate interaction between the protolith and lithosphere-derived melts.  
(5) The extreme Hf-Sr-Nd isotopic heterogeneity of eclogites compared to MORB and 
OIB indicates that such cratonic protoliths are unlikely to contribute to the source of 
modern MORB and OIB in any significant way. 
(6) The “oceanic” isotopic signature of the young Malaita sample is consistent with 
derivation from an OIB-like basaltic protolith. 
(7) The low concentrations of elements in garnet and clinopyroxene require continuous 
calibration of the separation columns. Leaching procedures for garnets are not necessary as 





























2se 87Sr/86Sr 2se εNd-εHf  Sr- εNd Trace elements 
Malaita  
RG01 69 12 0.282954 0.000020 42 6 0.512773 0.000020 0.703812 0.000013 OIB OIB 









eclogite - subducted 
oceanic crust 
DEJ03 129 12 0.282219 0.000011 208 18 0.511857 0.000040 0.706284 0.000009 Group II kimberlites 
Group II 
megacrysts LREE enrichment 
DJ0288 -345 37 0.282017 0.000021 431 91 0.511906 0.000216 0.705568 0.000020 --- Group I kimberlites 




DEJ02 227 47 0.282235 0.000029 245 25 0.512067 0.000033 0.706108 0.000017 Transitional kimberlites 
Group II 
megacrysts 
eclogite - subducted 
oceanic crust 
Bultfontein 
































2se 87Sr/86Sr 2se εNd-εHf  Sr- εNd Trace elements 
Lovedale 
02073 161 3 0.282400 0.000009 76 3 0.512396 0.000010 0.706887 0.000011 Transitional kimberlites 
Transitional 
kimberlites 




02093 120 1 0.282897 0.000006 89 2 0.512316 0.000011   Kaapvaal peridotites --- 


































It is first essential to deal with the issue of the proper nomenclature of garnet and 
clinopyroxene bearing assemblages as the widely used term eclogite sensu lato can be 
misleading as it involves two different lithologies with distinct petrogenesis. The original 
definition of eclogite (sensu stricto) of Haüy (1822) requires the presence of clinopyroxene 
with omphacite composition. This is a direct effect of the denser packing at higher 
pressures to better accommodate Al and Si (Best 2003) (Chapter 03). On the other hand, 
the remaining garnet-clinopyroxene assemblages are mostly composed by clinopyroxenes 
of different compositions (e.g., augite-diopside solid solution) that correlate well to 
experimental high pressure liquidus pyroxenes (Pearson et al. 2005) (Chapter 03). 
Eclogites are viewed as a metamorphic derivative of gabbro or basalts and the transition 
from the basalt protolith to glaucophane eclogites was already observed in the field as early 
as the end of the 19th century (e.g., Bonney 1879; Lacroix 1941). Garnet clinopyroxenites, 
conversely, have different petrogenesis either as (a) metamorphic heterogeneities within 
peridotites, (b) derivatives of peridotites caused by reaction with melts, or (c) derivatives of 
silicate melts (Schulze 2003). Both lithologies can occur together and seem to show some 
relationship. For example, garnet clinopyroxenites in Hawaii are believed to represent 
residues of a reaction of eclogites with peridotite (Sobolev et al. 2005). Additionally, it has 
been shown, mostly in chapters 03 (Mineral Chemistry) and 06 (Trace Elements), that 
craton eclogites can be partially or totally converted into garnet clinopyroxenites by 
extensive metasomatism. 
The debate about the origin of eclogites and garnet clinopyroxenites remains controversial. 
While there is ample literature that suggests that cratonic eclogites are derived from 
subducted oceanic crust (e.g., Jacob 2004), eventually with the addition of secondary 




Griffin and O’Reilly (2007) propose a different interpretation; even though they accept 
that there are some eclogites which clearly are derivatives of high pressure or ultra high 
pressure (UHP) metamorphism of basaltic rocks (Chapter 02), they contest what they call 
the “paradigm” of subduction.  
Their first point concerns a comparison of depth distribution of cratonic eclogites with 
chemical tomography profiles of O’Reilly and Griffin (2006). Most importantly, their 
samples are distinguished based on the classification of eclogites in Type 1 and Type 2 
according to their Na content following the classification of McCandless and Gurney 
(1986). Immediately, this leads to two major problems. The first one refers to the 
discussion above as the authors use the term eclogite senso latu in order to include other 
garnet pyroxenites. Secondly, and even stressed by the authors, Archean xenoliths are 
clearly affected by extensive metasomatism (e.g., Simon et al. 2004; Bell et al. 2005) which 
can have effects even on otherwise immobile major and trace elements (e.g., van 
Achterbergh et al. 2001).  
Figure 8.1 shows samples and respective tomographic sections from Group II kimberlites 
(Roberts Victor, Bellsbank and Bobbejahn) and younger Group I kimberlite (Kaalvallei) 
from South Africa, from Nothern Botswana and Udachnaya (Siberia). According to 
Griffin and O’Reilly (2007), Type 1 eclogites are physically associated with a zone of 
intense melt-related metasomatism reflecting the introduction of Fe, Ca, Ti and Zr. For 
Group II kimberlites and Northern Botswana this occurs near the lithosphere-
asthenosphere boundary (LAB). For Group I, this zone is located above the LAB due to 
thinning and refertilization of the subcontinental lithospheric mantle (SCLM) between 
emplacement of both groups of kimberlites. The Siberian eclogites are much shallower 
than the LAB. Type 2 eclogites appear to agree with Type 1 eclogites in Group II and 
Group I kimberlites and show a larger spread in Northern Botswana and for a second 
population of Type 2 eclogites in Kaalballei (Group I kimberlite).  
The fact that Type 1 eclogites are clearly associated to the zone of extensive metasomatism 
of the adjacent peridotites is used by the authors to indicate their origin as entrapment of 
asthenosphere-derived melts at the base of the depleted lithosphere. This metasomatism 
reflects the introduction of Fe, Ti, Ca, Al, Zr and LREE into the base of the depleted 
SCLM from mafic/ultramafic melts probably related to the plume activity that resulted in 





At closer inspection, however, the picture is not so clear. Firstly, one must return to the 
nomenclature issue mentioned above. If the distinction between garnet clinopyroxenites 
and eclogites (two rocks of different origins) is not made, the evaluation of the profiles 
above is compromised. An alternative possibility that must be explored is that in fact what 
are called “Type 1 eclogites” may refer to garnet clinopyroxenites. Their positioning 
among melt-metasomatised peridotites is expected as this lithology has been shown to 
result from melt reactions with peridotites generating basalt melts as in Malaita (Ishikawa 
et al. 2004) and Hawaii (Sobolev et al. 2005) (Chapter 02) and as a retrograde 
transformation of eclogites by kimberlite like melts (chapters 03 and 06).  
In fact, in general “Type 2 eclogites” tend to show a profile that is scattered over a depth 
of ranges. The division of a locality into different populations maybe an artefact of 
sampling as this more constant distribution is evident at Orapa (Northern Botswana). 
Additional evidence for the polybaric character of eclogites is present in literature as 
distinct localities show lithologies containing accessory phases characteristic of both 
shallow and deeper conditions. For example, Jacob et al. (2003) report coesite eclogites in 
Roberts Victor, Jacob and Foley (1999) report diamond-bearing eclogites in Udachnaya 
(Siberia) and Barth et al. (2001) report kyanite-bearing eclogites in Koidu (Sierra Leone). 
Furthermore, this study presents both UHP assemblages as the majorite eclogite from 
Kakanui and shallower kyanite bearing eclogites in craton-margin localities (samples 42313 
from Roodekraal and 02153 from Lovedale) (Chapter 03). The deep character of the 
majorite-bearing sample is a result of the fact that majorite is a high-pressure solid-solution 
between garnet and pyroxene stable from 12 to 26 GPa. On the other hand, kyanite-
bearing samples must be from a shallow origin as they are unstable near peridotites and 
would, otherwise, react (Barth et al. 2001). Thermobarometry estimations from this study 
(Chapter 05) display the polybaric character of the craton based samples also indicating 








Figure 8.1 – Chemical Tomography sections from Kaapvaal (Group I and II kimberlites), Nothern Botswana and 
Udachnaya (Yakutia) and cumulative probability histograms of eclogite xenoliths (sensu lato) from the same 
localities (adapted from Griffin and O’Reilly 2007). 
Another matter of substantial debate refers to the evidence provided by oxygen isotope 
data. The large spread observed in oxygen isotope ratios for eclogite suites can not be 
attributed to effects of pressure (Clayton et al. 1975) and is comparable to that observed in 
ophiolites and, therefore, has been constantly used to support an origin of eclogites as 
subducted slabs formed of oceanic crust gone through hydrothermal alteration at low 
pressures (e.g., Gregory and Taylor 1981; Jacob 2004) (Chapter 04). Nevertheless, Griffin 




fractionation and oxidation of methane-rich fluids. In support of this they present a plot of 
δ13C of diamonds against δ18O in host eclogites, inclusions in diamonds and syngenetically 
intergrowns from which they observe a resulting mixing line between normal mantle and 
heavy δ13C and δ18O asthernosphere-derived carbonatitic melts. 
However, this correlation of values is not representative as, with the exception of 
syngenetic intergrowns, fluids that formed diamonds should not be related to the host 
eclogite or inclusion. For example, Ireland et al. (1994) show that host eclogites yield 
LREE enriched trace element patterns (wavy “double hump” patterns) while diamond 
inclusions (DI) within these eclogites remain unaltered (Chapter 06). In addition, 
secondary mica analysed within the samples in this study show mantle values (Chapter 04), 
indicating pre- or syn-entrainment metasomatism by mantle like fluids as post-entrainment 
alteration would most likely involve heavy δ18O crustal fluids. Therefore, the net effect of 
metasomatism is to move the O isotope ratios towards mantle-like values. The remaining 
oxygen data from this study tends to confirm the general scenario as garnet 
clinopyroxenites (oceanic suites) show oxygen isotope ratios restricted to the mantle range 
while samples from craton and circum-craton localities show a larger spread of values.  
Finally, one last important issue debated by Griffin and O’Reilly (2007) refers to the 
presence of Eu anomalies among trace element patterns of eclogites. Since positive 
anomalies are interpreted as evidence of plagioclase accumulation while negative anomalies 
may represent plagioclase subtraction, Eu anomalies in general are taken to represent 
processes at low pressures in the stability field of plagioclase (see also Jacob 2004) (Chapter 
06). Nevertheless, Griffin and O’Reilly (2007) attribute these features to artefacts of the 
chondrite-normalised pattern as Eu anomalies are apparently also observed in samples 
where plagioclase is not likely to be a stable phase as in peridotite xenoliths from 
kimberlites (fig. 8.2). Therefore, they suggest that these Eu anomalies may be a result of 
the redox/oxidation reaction during metasomatism as described previously for stable 
isotopes. 
However, during the interpretation of trace elements in this study and similar ones (e.g., 
Barth et al. 2001; Jacob 2004), Eu anomalies are not the sole diagnostic feature of low 
temperature processes. As shown in Chapter 06 some suites are also represented by 
depleted LREE and flat HREE profiles. Additionally, trace element modelling of some 
samples reinforces the occurrence of additional processes like partial melting of the 
subducting slab, which is also observed in other suites like Koidu (Barth et al. 2001) and 





Fig. 8.2 – Positive Eu anomalies in garnets from peridotite xenoliths (adapted from Griffin and O’Reilly 2007). 
Samples from this study reveal different evolutionary histories which can be attributed to 
their tectonic settings. Samples from within the Kaapvaal Craton (Roberts Victor and 
Kiberley) and from craton-margin localities (Lovedale, Roodekraal and Jachtfontein) show 
possibly a common source similar to the 3.45 Ga Archean Barberton Greenstone Belt 
komatiites (Blichert-Toft and Arndt 1999) (Chapters 06 and 07). The oxygen isotopic 
ratios for these suites are supportive of hydrothermal alteration at lower pressures as they 
extend from values lower than the average mantle value of Mattey et al. (1994) and reach 
further to extreme heavier δ18O ratios as for Lovedale (Chapter 04). Thermobarometry 
estimations (Chapter 05) and the presence of phases stable at lower pressures (e.g., kyanite 
in Lovedale) are evidence of the polybaric character of the process. 
Trace elements in some of these rocks (Chapter 06) are also indicative of subduction of a 
mafic protolith represented mostly by flat HREE patterns atypical of garnets and positive 
Eu and Sr anomalies suggestive of a prograde metamorphic reaction from a plagioclase-
bearing protolith (e.g., Green 1994) during subduction. This is similar to what is observed 
for other coesite-bearing eclogites from Roberts Victor (Jacob et al. 2003). Some other 
samples show evidence of further disturbance of the systems and represent residues after 
partial melt reactions of the subducted protolith (Chapter 06) similar to samples from 
Koidu, Sierra Leone (Barth et al. 2001) and Udachnaya, Siberia (Jacob and Foley 1999). 
Their trace element patterns show LREE depletion and flat HREE profiles and fractional 





The evolution of the Kaapvaal craton, as summarised in chapters 02 and 07, is marked by 
an apparent hiatus from the time of accretion of the Archean blocks (3500 to 2500 Ma, 
Poujol et al. 2003) and the nearby plume related Pan-African rifting and closure between 
750 and 500 Ma (Coward 1983 in Porada 1989).  
It is now clear that these Archean xenoliths, both peridotites and eclogites, are dominated 
by repeated metasomatism (e.g., Keleman et al. 1998; Simon et al. 2004; Bell et al. 2005) 
through over 3 Gy characterised by different geochemical signatures (Griffin and O’Reilly 
2007). This extensive metasomatism, as mentioned above, can even affect otherwise 
immobile major and trace elements (e.g., van Achterbergh et al. 2001). It has been reported 
that alteration and infiltration of such melts can affect the bulk composition of rocks (e.g., 
Jacob et al. 2005). Furthermore, data from this study (Chapter 07) suggests that even 
recalculated (isotopic) whole rock data is unreliable as these rocks represent an open 
system.  
The metasomatism is also evident in the mineral chemistry of the samples (Chapter 03), 
transforming the composition of previously omphacite clinopyroxenes into augite-diopside 
and, therefore, original eclogites into garnet clinopyroxenites. However, garnets seem to 
behave more robustly and they do not show strong zonation in terms of major elements. 
The main exception is sample DJ0288 from Roberts Victor which shows zonation of the 
trace element concentrations (Chapter 06). Trace element patterns in some samples are 
also indicative of contamination by kimberlite-like melts represented by depletion in Zr, 
Hf and Ti and considerable enrichment in LREE, resulting in a characteristic wavy pattern 
described by Ireland et al. (1994) (Chapter 06). As mentioned above, mantle-like oxygen 
isotopic ratios for secondary micas within these rocks are supportive of the mantle origin 
(kimberlite/proto-kimberlite) of the metasomatic fluid (Chapter 04).  
The movement of the plume responsible for the Karoo volcanism results in the 
emplacement of the Group II kimberlites between 120 and 150 Ma followed by Group I 
kimberlites between 74 and 95 Ma (Smith 1983; Smith et al. 1985; Smith et al. 1994; Bell et 
al. 2003). Even though some samples record the age of emplacement of the kimberlites, 
the isotopic signatures of the Archean protoliths have been masked by the multiple pre-
entrainment metasomatic events (Chapter 07). This relates well to the modelling of the 
effects of kimberlite metasomatism on older than 3 Ga Depleted Mantle by Nowell et al. 
(2004). Therefore, metasomatism of the Kaapvaal craton hinders the isotopic (Sm-Nd, Lu-
Hf and Sr) modelling of the evolution of the samples as well as evaluation of a whole rock 
age of the protolith. However, sample R30 from Roberts Victor represents an unique 




ages and low Hf, Nd and Sr. Moreover, the extremely unradiogenic Sr isotopic ratio in 
clinopyroxene permits the evaluation of the initial bulk rock ratio resulting in a real age of 
3.15 Ga for the sample. This is in good agreement with U-Pb and Pb-Pb Archean ages in 
zircons for the formation of the Kaapvaal Craton (Poujol et al. 2003; Shirey et al. 2004) 
(Chapter 07).  
Additionally, the websterites from the Bultfontein pipe (Kimberley area) also show strong 
evidence of being affected by the aforementioned metasomatism. Besides presenting a 
wavy trace element pattern (Chapter 06), sample B21 also displays open system behaviour 
in terms of isotopes, with a Sm-Nd mineral age of 23 Ma (Chapter 07), and in terms of 
major elements as the results from the Fe thermometer do not fit the local geotherm 
(Chapter 05). The trace element patterns for Bultfontein (and also for Kimberley) are 
extremely enriched and are similar to garnet pyroxenites in the Pyrenees that are 
interpreted as originally ‘translithospheric’ dikes for alkaline basalts (Bodinier et al. 1987; 
Fabriès et al. 1991, 1998; Bodinier and Godard 2005) (Chapter 06). 
Samples from the circum-cratonic (Chino Valley) setting are much more similar to those 
from the Kaapvaal craton as they display trace element patterns characteristic of subducted 
mafic rocks, post-subduction melt residues and kimberlite metasomatised protoliths 
(Chapter 06) as well as very heavy δ18O ratios, only comparable to xenoliths from La 
Ceniza, Venezuela (Schulze et al. 2003) (Chapter 04). The heavy oxygen isotope ratios are 
probably a result of extensive interaction with fluids facilitated by the shallower character 
of the subduction and additional structural constraints (e.g., intensive faulting). 
Additionally, the metasomatised trace element patterns are supportive of the isotopic data 
from Usui et al. (2006) which suggests metasomatism by large amounts of fluids prior to 
the high-grade metamorphism and later retrograde metamorphism during emplacement in 
the Tertiary. The temperature estimates are similar to core and rim analyses (ca. 800ºC) and 
may represent re-equilibration of the samples (Chapter 05).  
Finally, the more recent oceanic samples from Malaita, Hawaii and Kakanui represent a 
different scenario. Besides the presence of high-pressure majorite in the eclogite in the 
Kakanui, the samples from Malaita and Hawaii are clearly garnet clinopyroxenites. As 
mentioned above, Ishikawa et al. (2004) presented a model in which the garnet 
clinopyroxenites from Malaita are refractory rocks from a high temperature reaction 
between subsolidus peridotite and basalt and Sobolev et al. (2005) present similar ideas for 
pyroxenites from Hawaii (reaction between eclogites and peridotites). The oxygen isotope 
ratios for Malaita, Hawaii and Kakanui are clearly constrained to the range of peridotite 






oxygen thermometers) involving either derivation directly from silicate melts or by reaction 
between melts and peridotite (Chapter 04). Trace element patterns for the Malaita sample 
are also consistent with a model as post-subduction melt residues (Chapter 06). However, 
the samples from Hawaii and Kakanui were too fine grained to permit LA-ICPMS analyses. 
The thermobarometry estimations also range through considerable depths as the Hawaiian 
samples appear to have formed in shallower depths than published data at the plagioclase 
stability field and the Malaita sample seems to be originated from between the spinel and 
garnet stability fields defined by published data (Chapter 05). The majorite bearing sample 
from Kakanui yields a value higher than that for ordinary garnets and similar to other 
known majorite bearing xenoliths, evidently. The isotopic signature of the young Malaita 
samples is consistent with a derivation from an OIB-like basaltic protolith. Even more, the 
absence of intensive metasomatism in the area due to the recent character of the samples 
provides a good scenario for the evaluation of the Lu-Hf isotopic system as a dating tool 
in comparison to the Sm-Nd system. In this case, the Lu-Hf mineral age is older than the 
Sm-Nd mineral age. 
Parallel to the study of these samples, a few concerns were raised in relation to the 
analytical techniques. Firstly, as mentioned in Chapter 03, the choice of end members for 
the clinopyroxene is of vital importance for the comparison of samples from different 
suites. It seems so that the Ca-Eskola end member of Vogel (1966) has been consistently 
overlooked, even though it has been observed in localities like Malaita (Katayama et al. 
2000), in UHP eclogites from China (Zhang et al. 2003) and even as core to rim zonations 
in samples from South African kimberlites (Smyth 1980). The Ca-Eskola end member is 
represented by a vacancy on the structure of the pyroxene (Ca?Al2Si4O12) resulted from 
the rapid breakdown of omphacite (Smyth 1980). In addition to the common 
oversimplification on the determination of the Fe2+ content of the samples, this may lead 
to imprecise thermobarometric estimations (Chapter 05).  
Additionally, the difficulties reported for the procedures of isotopic dilution highlight the 
continued need for constant calibration of the Hf separation columns. On one hand, the 
effort is valid as the Lu-Hf system seems to behave in a general way more robustly than 
the Sm-Nd system, even though both systems have been severely affected by the 









The main conclusions from this thesis are listed below.  
(1) Garnet pyroxenites from oceanic (Malaita, Hawaii & Kakanui) and  cratonic settings 
(Bultfontein) have normalised trace element patterns and O isotopes consistent with a high 
temperature origin involving either derivation directly from silicate melts or by reaction 
between melts and peridotite.  
(2) On-craton eclogites and garnet clinopyroxenites have normalised trace element patterns 
and heterogeneous O isotopes indicative of lower temperature processes either as (a) a 
“basaltic” protolith altered at low temperatures and subducted to form eclogite with a 
range in O isotopes or (b) an eclogite retrograded to garnet pyroxenite pre- or syn-
entrainment thus retaining heterogeneous O isotopes in garnet pyroxenite. 
(3) Circum-cratonic eclogites (Chino Valley) display a range of very heavy δ18O, possibly 
related to extensive interaction with fluids facilitated by tectonic and structural constraints. 
Very heavy O isotope ratios are reported herein for eclogites from Chino Valley (8.69‰ 
for garnet) and Lovedale (8.63‰ for clinopyroxene and 8.43‰ for garnet). 
(4) Roberts Victor eclogite R30 defines a unique Archean reservoir (3.15Ga) with low Hf, 
Nd and Sr isotopic ratios and light oxygen ratios. Modelling of Hf-Nd-Sr isotopes 
indicates that the Kaapvaal eclogites were derived from Archean protoliths whose isotopic 
signatures have been masked by multiple pre-entrainment metasomatic events involving 
kimberlite-like melts over 3 Ga.  
(5) Lu-Hf and Sm-Nd ages (garnet-clinopyroxene pairs) can differ by 30-1000 Ma. In the 






susceptible to resetting of the isotope system by metasomatism or during 
entrainment/emplacement. 
(6) Mineralogical and geochemical studies of oceanic, circum-cratonic and cratonic garnet 
pyroxenites and eclogites reveal the importance of melt transfer and subduction in defining 
mantle heterogeneity over 3 Ga. Major processes include (a) Subduction of mafic 
protoliths to produce eclogites, (b) Generation of post-subduction garnet-pyroxene melt 
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Figure A.1 – Sample 713: hand specimen (top left), thin section (top right), thin section under microscope (plane 




Figure A.2 – Sample B21: hand specimen (top left), thin section (top right), thin section under microscope 








Figure A.3 – Sample DJ0295: hand specimen (top left), thin section (top right), thin section under microscope 





Figure A.4 – Sample DJ0296: hand specimen (top left), thin section (top right), thin section under microscope 









Figure A.5 – Sample DEJ02: hand specimen (top left), thin section (top right), thin section under microscope 





Figure A.6 – Sample DEJ03: hand specimen (top left), thin section (top right), thin section under microscope 









Figure A.7 – Sample DJ0285: hand specimen (top left), thin section (top right), thin section under microscope 





Figure A.8 – Sample DJ0287: hand specimen (top left), thin section (top right), thin section under microscope 









Figure A.9 – Sample DJ0288: hand specimen (top left), thin section (top right), thin section under microscope 





Figure A.10 – Sample R8A: hand specimen (top left), thin section (top right), thin section under microscope 









Figure A.11 – Sample R30: hand specimen (top left), thin section (top right), thin section under microscope 





Figure A.12 – Sample JAR 02073: hand specimen (top left), thin section (top right), thin section under 









Figure A.13 – Sample JAR 02093: hand specimen (top left), thin section (top right), thin section under microscope 





Figure A.14 – Sample JAR 02023: hand specimen (top left), thin section (top right), thin section under microscope 









Figure A.15 – Sample JAR 02153: hand specimen (top left), thin section (top right), thin section under 





Figure A.16 – Sample JAR 20093: hand specimen (top left), thin section (top right), thin section under 









Figure A.17 – Sample JAR 20113: hand specimen (top left), thin section (top right), thin section under 






Figure A.18 – Sample JAR 20263: hand specimen (top left), thin section (top right), thin section under 









Figure A.19 – Sample JAR 20273: hand specimen (top left), thin section (top right), thin section under 





Figure A.20 – Sample JAR 42163: hand specimen (top left), thin section (top right), thin section under 









Figure A.21 – Sample JAR 42313: hand specimen (top left), thin section (top right), thin section under 




Figure A.22 – Sample RDK-1: hand specimen (top left), thin section (top right), thin section under microscope 









Figure A.23 – Sample RDK-2: hand specimen (top left), thin section (top right), thin section under microscope 





Figure A.24 – Sample 13-91-8: hand specimen (top left), thin section (top right), thin section under microscope 









Figure A.25 – Sample 13-91-5: hand specimen (top left), thin section (top right), thin section under microscope 
(plane polars – bottom left, and crossed polars – bottom right). Thin section scale bars are 1 mm. 
 
12-97-100
Figure A.26 – Sample 12-97-100: hand specimen (top left), thin section (top right), thin section under 









Figure A.27 – Sample 117200-141: hand specimen (top left), thin section (top right), thin section under 
microscope (plane polars – bottom left, and crossed polars – bottom right). Thin section scale bars are 1 mm. 
 
117200-144
Figure A.28 – Sample 117200-144: hand specimen (top left), thin section (top right), thin section under 









Figure A.29 – Sample RG01: hand specimen (top left), thin section (top right), thin section under microscope 





Figure A.30 – Sample 114762-1: hand specimen (top left), thin section (top right), thin section under 









Figure A.31 – Sample 114694-17: hand specimen (top left), thin section (top right), thin section under 





Figure A.32 – Sample 109647-7: hand specimen (top left), thin section (top right), thin section under 











Figure A.33 – Sample 20271: hand specimen (top left), thin section (top right), thin section under microscope 









ANALYTICAL TECHNIQUE AND METHODS 
The samples were analysed in a JEOL JXA 8900 RL microprobe at the Johannes 
Gutenberg Universität Mainz, Mainz, Germany. The configuration used an acceleration 
voltage of 20 kV, 12 nA beam and probe diameter of 2 μm. Detector set up was (1) Na, 
Mg, Al, (2) Si, Ti, V, (3) K, Ca, Cr, (4) Mn, Fe and (5) Co, Ni, Zn. 
The calculation of the samples was assisted by computer spread sheets available on the 
internet and in the literature. Garnet end-member compositions were calculated using the 
spreadsheet available from A. G. Tindle at http://www.open.ac.uk/earth-
research/tindle/AGTWebPages/AGTSoft.html in addition to the excel macro for 
classification of eclogites and peridotites of Schulze (2003). The composition of pyroxenes 
was calculated using the excel macro provided by Sturm (2002) according to the 
International Mineralogical Association (IMA) accepted classification of Morimoto (1989). 
For amphibole the excel spreadsheet described in Esawi (2004) was used. This follows the 
recommendations of the IMA as in Leake et al. (1997). All these procedures include the 













 MALAITA            
 RG01             
 garnet-clinopyroxenite           
 CPX11 CPX12 CPX21 CPX22 CPX31 CPX32 CPX41 CPX42 CPX5 CPXinc11 CPXinc12 mean sd 
SiO2 52.07 52.67 52.63 53.1 53.69 52.74 52.82 52.8 52.79 52.1 52.81 52.75 0.44 
TiO2 0.62 0.58 0.607 0.6 0.578 0.619 0.612 0.607 0.626 0.614 0.624 0.61 0.02 
Al2O3 5.19 5.32 5.14 5.13 5.11 5.12 5.22 5.18 5.09 5.15 5.17 5.17 0.06 
FeO 5.53 5.54 5.52 5.41 5.54 5.48 5.52 5.69 5.4 5.52 5.55 5.52 0.08 
MnO 0.12 0.17 0.145 0.169 0.106 0.084 0.117 0.188 0.165 0.118 0.098 0.13 0.03 
MgO 17.79 17.84 17.74 18 17.72 17.73 17.92 18.27 17.87 18.08 17.89 17.90 0.17 
CaO 15.02 15.09 15.1 14.84 14.93 14.96 15.07 14.95 15.08 14.95 14.87 14.99 0.09 
K2O 0.01 0.02 0.009 0.012 0.014 0.01 0.01 0 0.014 0 0.025 0.01 0.01 
Na2O 1.82 1.83 1.82 1.88 1.79 1.8 1.84 1.92 1.86 1.78 1.87 1.84 0.04 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.00 0.00 0.00 0.01 0.02 
NiO 0.07 0.06 0.07 0.07 0.06 0.01 0.06 0.08 0.06 0.06 0.08 0.06 0.02 
Cr2O3 0.27 0.33 0.29 0.27 0.30 0.23 0.30 0.26 0.26 0.32 0.32 0.29 0.03 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 98.535 99.447 99.071 99.481 99.837 98.781 99.489 100.005 99.212 98.686 99.305   
adjective 
aluminian   
sodian      
aluminian    
sodian      
aluminian    
sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian     
sodian      
aluminian     
sodian      
aluminian   
sodian      
aluminian     
sodian      
aluminian     
sodian        
pyroxene augite augite augite augite augite augite augite augite augite augite augite   
              
Si 1.897 1.902 1.908 1.915 1.934 1.917 1.906 1.893 1.909 1.893 1.909   
Ti 0.017 0.016 0.017 0.016 0.016 0.017 0.017 0.016 0.017 0.017 0.017   
Al (T) 0.103 0.098 0.092 0.085 0.066 0.083 0.094 0.107 0.091 0.107 0.091   
Al (M1) 0.119 0.128 0.128 0.133 0.151 0.136 0.128 0.112 0.126 0.114 0.129   
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Fe3+ (M1) 0.072 0.058 0.051 0.044 0.001 0.033 0.054 0.089 0.054 0.075 0.052   
Fe2+ 0.097 0.109 0.116 0.119 0.166 0.133 0.112 0.082 0.109 0.092 0.116   
Mn 0.004 0.005 0.004 0.005 0.003 0.003 0.004 0.006 0.005 0.004 0.003   
Mg 0.966 0.960 0.959 0.968 0.951 0.961 0.964 0.976 0.964 0.980 0.964   
Ca 0.586 0.584 0.587 0.573 0.576 0.583 0.583 0.574 0.584 0.582 0.576   
K 0.000 0.001 0.000 0.001 0.001 0.000 0.000 0.000 0.001 0.000 0.001   
Na 0.129 0.128 0.128 0.131 0.125 0.127 0.129 0.133 0.130 0.125 0.131   
Li 0 0 0 0 0 0 0 0 0 0 0   
Zn 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.000   
Ni 0.002 0.002 0.002 0.002 0.002 0.000 0.002 0.002 0.002 0.002 0.002   
Cr 0.008 0.009 0.008 0.008 0.008 0.007 0.008 0.007 0.007 0.009 0.009   
Mg# 85.15 85.16 85.14 85.57 85.08 85.22 85.27 85.13 85.51 85.38 85.18 85.25 0.16 
Table B.1 – Analyses of clinopyroxenes. 
  
 MALAITA     KAKANUI       
 RG01     109647-7       
 garnet-clinopyroxenite    garnet-clinopyroxenite      
 OPXinc11 OPXinc12 mean sd  CPX1c CPX21c CPX22b CPX31c CPX32b mean sd 
SiO2 54.67 54.53 54.60 0.10  52.91 52.42 52.67 52.58 52.23 52.56 0.26 
TiO2 0.287 0.301 0.294 0.01  1.11 1.13 1.055 1.241 1.296 1.17 0.10 
Al2O3 3.63 3.60 3.62 0.02  6.69 6.68 6.74 7.24 7.25 6.92 0.30 
FeO 8.23 8.44 8.34 0.15  7.09 6.91 6.99 6.9 6.95 6.97 0.08 
MnO 0.121 0.198 0.160 0.05  0.151 0.14 0.128 0.192 0.182 0.16 0.03 
MgO 30.80 30.66 30.73 0.10  13.42 13.34 13.66 13.16 13.05 13.33 0.24 
CaO 1.48 1.53 1.51 0.04  18.23 18.43 18.32 18.63 18.47 18.42 0.15 
K2O 0 0 0.00 0.00  0 0.00 0 0 0 0.00 0.00 
Na2O 0.317 0.277 0.297 0.03  1.83 1.70 1.8 1.97 1.84 1.83 0.10 
Li2O 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.01 0.00 0.01 0.01  0.00 0.04 0.05 0.03 0.02 0.03 0.02 
NiO 0.11 0.08 0.09 0.02  0.01 0.01 0.03 0.05 0.01 0.02 0.02 
Cr2O3 0.17 0.19 0.18 0.01  0.06 0.03 0.03 0.09 0.15 0.08 0.05 
Sc2O3 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 99.826 99.796    101.508 100.831 101.474 102.091 101.452   
adjective aluminian              aluminian       
 aluminian         
sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian        
pyroxene enstatite enstatite    augite augite augite augite augite   
             
Si 1.910 1.908    1.910 1.906 1.899 1.886 1.888   
Ti 0.008 0.008    0.030 0.031 0.029 0.033 0.035   
Al (T) 0.090 0.092    0.090 0.094 0.101 0.114 0.112   
Al (M1) 0.059 0.057    0.194 0.192 0.186 0.192 0.197   
Fe3+ (T) 0.000 0.000    0.000 0.000 0.000 0.000 0.000   
Fe3+ (M1) 0.032 0.033    0.000 0.000 0.000 0.000 0.000   
Fe2+ 0.208 0.214    0.214 0.210 0.211 0.207 0.210   
Mn 0.004 0.006    0.005 0.004 0.004 0.006 0.006   
Mg 1.604 1.599    0.722 0.723 0.734 0.704 0.703   
Ca 0.055 0.057    0.705 0.718 0.708 0.716 0.715   
K 0.000 0.000    0.000 0.000 0.000 0.000 0.000   
Na 0.021 0.019    0.128 0.120 0.126 0.137 0.129   
Li 0 0    0 0 0 0 0   
Zn 0.000 0.000    0.000 0.001 0.001 0.001 0.001   
Ni 0.003 0.002    0.000 0.000 0.001 0.002 0.000   
Cr 0.005 0.005    0.002 0.001 0.001 0.003 0.004   
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 HAWAII               
 20271               
 garnet-clinopyroxenite              
 CPX11c CPX12b CPX13cn CPX21c CPX22b CPX31c CPX32b mean sd CPX1alt1 CPX1alt2 CPX3alt1 CPX3alt2 mean sd 
SiO2 51.6 52.62 53.1 51.67 53.1 52.43 51.89 52.34 0.64 51.37 52.03 51.89 50.81 51.53 0.55 
TiO2 1.3 1.217 1.354 1.279 1.367 1.255 1.309 1.30 0.05 1.394 1.482 1.274 1.90 1.51 0.27 
Al2O3 8.25 8.11 8.03 7.7 8.08 7.73 8.02 7.99 0.20 3.3 4.44 3.49 5.34 4.14 0.94 
FeO 6.65 6.93 6.65 7 6.97 7.12 6.96 6.90 0.18 7.8 8.19 8.91 8.35 8.31 0.46 
MnO 0.085 0.087 0.122 0.109 0.163 0.094 0.119 0.11 0.03 0.148 0.146 0.145 0.08 0.13 0.03 
MgO 11.69 12.19 11.66 11.83 11.69 11.72 11.93 11.82 0.19 15.47 14.98 15.19 14.32 14.99 0.49 
CaO 15.89 16.1 16.5 15.78 15.82 15.93 15.85 15.98 0.25 18.83 18.43 17.39 18.41 18.27 0.61 
K2O 0 0 0 0.007 0 0 0 0.00 0.00 0 0.009 0 0.00 0.00 0.00 
Na2O 2.9 2.9 2.77 2.8 2.88 2.88 2.9 2.86 0.05 0.612 0.714 0.662 0.81 0.70 0.09 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.02 0.01 0.01 0.03 0.00 0.01 0.01 0.01 0.01 0.00 0.02 0.00 0.00 0.01 0.01 
NiO 0.00 0.02 0.00 0.03 0.00 0.04 0.01 0.01 0.02 0.01 0.00 0.01 0.05 0.02 0.02 
Cr2O3 0.02 0.04 0.05 0.06 0.05 0.06 0.05 0.05 0.01 0.06 0.06 0.05 0.04 0.05 0.01 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 98.403 100.231 100.246 98.296 100.117 99.264 99.052   98.997 100.507 99.006 100.109   
adjective                                                                                                            aluminian   aluminian   aluminian   aluminian     
pyroxene omphacite omphacite omphacite omphacite omphacite omphacite omphacite   augite augite augite augite   
                
Si 1.910 1.912 1.936 1.919 1.938 1.929 1.910   1.913 1.911 1.937 1.877   
Ti 0.036 0.033 0.037 0.036 0.038 0.035 0.036   0.039 0.041 0.036 0.053   
Al (T) 0.090 0.088 0.064 0.081 0.062 0.071 0.090   0.087 0.089 0.063 0.123   
Al (M1) 0.270 0.260 0.281 0.255 0.285 0.264 0.257   0.057 0.103 0.091 0.109   
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000 0.000 0.000   0.000 0.000 0.000 0.000   
Fe3+ (M1) 0.000 0.000 0.000 0.000 0.000 0.000 0.000   0.000 0.000 0.000 0.000   
Fe2+ 0.206 0.211 0.203 0.217 0.213 0.219 0.214   0.243 0.252 0.278 0.258   
Mn 0.003 0.003 0.004 0.003 0.005 0.003 0.004   0.005 0.005 0.005 0.002   
Mg 0.645 0.660 0.634 0.655 0.636 0.643 0.654   0.859 0.820 0.845 0.788   
Ca 0.630 0.627 0.644 0.628 0.619 0.628 0.625   0.751 0.725 0.696 0.729   
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000   0.000 0.000 0.000 0.000   
Na 0.208 0.204 0.196 0.202 0.204 0.205 0.207   0.044 0.051 0.048 0.058   
Li 0 0 0 0 0 0 0   0 0 0 0   
Zn 0.001 0.000 0.000 0.001 0.000 0.000 0.000   0.000 0.001 0.000 0.000   
Ni 0.000 0.001 0.000 0.001 0.000 0.001 0.000   0.000 0.000 0.000 0.002   
Cr 0.001 0.001 0.001 0.002 0.001 0.002 0.002   0.002 0.002 0.001 0.001   
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 HAWAII              
 114762-1              
 garnet-clinopyroxenite             
 CPX11c CPX12b CPX21c CPX22b CPX31c CPX32b CPX41c CPX42b CPX51c CPX52b CPX61c CPX62b mean sd 
SiO2 52.15 52.57 50.87 52.01 51.54 53.69 52.12 53.04 53.17 53.05 51.67 52.1 52.33 0.80 
TiO2 0.99 1.033 0.997 0.999 0.997 0.947 0.962 0.842 0.902 0.811 0.926 0.962 0.95 0.07 
Al2O3 8.15 6.82 8.47 6.73 8.21 6.38 6.7 5.92 6.81 5.49 6.9 7.16 6.98 0.91 
FeO 5.91 5.65 6.04 5.76 5.88 5.89 5.98 5.71 5.71 5.5 5.75 5.7 5.79 0.15 
MnO 0.05 0.106 0.129 0.071 0.069 0.108 0.098 0.072 0.123 0.093 0.102 0.091 0.09 0.02 
MgO 13.76 14.08 13.05 13.98 13.31 14.5 14.28 14.45 14.25 14.22 13.74 13.71 13.94 0.45 
CaO 19.15 19.27 19.03 18.95 18.85 19.55 19.09 19.27 19.27 18.9 19.38 19.01 19.14 0.21 
K2O 0.01 0 0 0 0 0 0.007 0 0.01 0.012 0 0 0.00 0.00 
Na2O 1.92 1.76 1.82 1.77 1.77 1.76 1.73 1.63 1.76 1.67 1.75 1.75 1.76 0.07 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.08 0.00 0.00 0.02 0.03 0.03 0.00 0.01 0.00 0.02 0.00 0.01 0.02 0.02 
NiO 0.01 0.03 0.02 0.08 0.05 0.05 0.04 0.03 0.03 0.05 0.08 0.09 0.05 0.02 
Cr2O3 0.16 0.18 0.15 0.14 0.19 0.18 0.16 0.17 0.20 0.16 0.14 0.11 0.16 0.02 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 102.331 101.498 100.572 100.495 100.889 103.089 101.171 101.143 102.232 99.972 100.433 100.687   
adjective 
aluminian         
sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian        
pyroxene augite augite diopside augite augite augite augite augite augite augite diopside augite   
               
Si 1.855 1.887 1.845 1.886 1.864 1.898 1.877 1.911 1.895 1.935 1.875 1.887   
Ti 0.026 0.028 0.027 0.027 0.027 0.025 0.026 0.023 0.024 0.022 0.025 0.026   
Al (T) 0.145 0.113 0.155 0.114 0.136 0.102 0.123 0.089 0.105 0.065 0.125 0.113   
Al (M1) 0.197 0.176 0.207 0.173 0.214 0.164 0.161 0.163 0.181 0.171 0.171 0.192   
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Fe3+ (M1) 0.024 0.000 0.017 0.007 0.000 0.002 0.027 0.000 0.000 0.000 0.023 0.000   
Fe2+ 0.152 0.170 0.167 0.168 0.178 0.172 0.153 0.172 0.170 0.168 0.152 0.173   
Mn 0.002 0.003 0.004 0.002 0.002 0.003 0.003 0.002 0.004 0.003 0.003 0.003   
Mg 0.730 0.754 0.706 0.756 0.717 0.764 0.767 0.776 0.757 0.773 0.743 0.740   
Ca 0.730 0.741 0.740 0.736 0.730 0.741 0.736 0.744 0.736 0.738 0.754 0.738   
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000   
Na 0.132 0.123 0.128 0.124 0.124 0.121 0.121 0.114 0.122 0.118 0.123 0.123   
Li 0 0 0 0 0 0 0 0 0 0 0 0   
Zn 0.002 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.001 0.000 0.000   
Ni 0.000 0.001 0.001 0.002 0.001 0.002 0.001 0.001 0.001 0.001 0.002 0.003   
Cr 0.004 0.005 0.004 0.004 0.005 0.005 0.005 0.005 0.006 0.005 0.004 0.003   
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 HAWAII             
 114762-1             
 garnet-clinopyroxenite            
 OPX(1)1 OPX(1)2 OPX(2)1 OPX(2)2 OPX(3)1 OPX(3)2 OPX11c OPX12b OPX12m OPX(6)1 OPX(6)2 mean sd 
SiO2 54.61 54.38 53.95 54.74 55.24 54.93 55.23 55.03 54.75 54.53 54.76 54.74 0.38 
TiO2 0.235 0.249 0.199 0.174 0.260 0.216 0.242 0.253 0.242 0.249 0.199 0.23 0.03 
Al2O3 5.66 5.57 6.82 5.79 4.35 3.87 3.71 3.73 3.63 5.45 5.65 4.93 1.10 
FeO 11.32 11.04 12.30 11.77 11.33 11.24 10.85 11.01 10.99 11.02 11.19 11.28 0.42 
MnO 0.169 0.125 0.229 0.193 0.073 0.186 0.105 0.171 0.139 0.161 0.136 0.15 0.04 
MgO 28.86 28.95 27.88 28.02 29.73 29.48 29.40 29.20 29.09 28.68 28.96 28.93 0.57 
CaO 0.787 0.805 0.767 0.784 0.813 0.847 0.818 0.839 0.821 0.785 0.738 0.80 0.03 
K2O 0.00 0 0 0.009 0 0 0.00 0.01 0 0 0.007 0.00 0.00 
Na2O 0.120 0.146 0.152 0.123 0.111 0.113 0.139 0.095 0.147 0.090 0.124 0.12 0.02 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.01 0.00 0.01 0.03 0.00 0.04 0.01 0.02 0.00 0.00 0.05 0.02 0.02 
NiO 0.08 0.08 0.08 0.09 0.10 0.10 0.07 0.11 0.09 0.11 0.09 0.09 0.01 
Cr2O3 0.08 0.08 0.11 0.06 0.11 0.10 0.07 0.06 0.08 0.07 0.07 0.08 0.02 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 101.933 101.426 102.501 101.776 102.118 101.125 100.648 100.521 99.979 101.139 101.977   
adjective aluminian            aluminian   aluminian   aluminian   aluminian   aluminian   aluminian   aluminian   aluminian   aluminian   aluminian     
pyroxene enstatite enstatite enstatite enstatite enstatite enstatite enstatite enstatite enstatite enstatite enstatite   
              
Si 1.894 1.893 1.869 1.909 1.910 1.919 1.937 1.935 1.935 1.907 1.898   
Ti 0.006 0.007 0.005 0.005 0.007 0.006 0.006 0.007 0.006 0.007 0.005   
Al (T) 0.106 0.107 0.131 0.091 0.090 0.081 0.063 0.065 0.065 0.093 0.102   
Al (M1) 0.126 0.122 0.148 0.147 0.087 0.079 0.091 0.090 0.086 0.131 0.129   
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Fe3+ (M1) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Fe2+ 0.328 0.321 0.356 0.343 0.328 0.328 0.318 0.324 0.325 0.322 0.324   
Mn 0.005 0.004 0.007 0.006 0.002 0.006 0.003 0.005 0.004 0.005 0.004   
Mg 1.493 1.502 1.440 1.457 1.533 1.536 1.537 1.531 1.533 1.495 1.496   
Ca 0.029 0.030 0.028 0.029 0.030 0.032 0.031 0.032 0.031 0.029 0.027   
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Na 0.008 0.010 0.010 0.008 0.007 0.008 0.009 0.006 0.010 0.006 0.008   
Li 0 0 0 0 0 0 0 0 0 0 0   
Zn 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.001   
Ni 0.002 0.002 0.002 0.002 0.003 0.003 0.002 0.003 0.003 0.003 0.002   
Cr 0.002 0.002 0.003 0.002 0.003 0.003 0.002 0.002 0.002 0.002 0.002   










 HAWAII            
 114694-17            
 garnet-clinopyroxenite           
 CPX11c CPX12b CPX21c CPX22b CPX31c CPX32b CPX41c CPX42b CPX51c CPX52b mean sd 
SiO2 51.99 52.81 52.78 52.99 50.04 52.21 51.88 52.64 51.98 53.63 52.30 0.96 
TiO2 0.95 0.94 1.008 0.958 0.867 0.928 1.023 1.046 0.946 0.997 0.97 0.05 
Al2O3 7.59 6.51 6.61 6.15 7.51 6.04 7.55 6.41 6.44 6.16 6.70 0.61 
FeO 5.41 5.30 5.22 5.29 5.47 5.45 5.44 5.48 5.28 5.29 5.36 0.10 
MnO 0.12 0.08 0.045 0.088 0.122 0.095 0.057 0.071 0.101 0.09 0.09 0.02 
MgO 13.26 13.84 13.63 14.09 13.48 14.07 13.42 13.91 13.3 14.55 13.76 0.41 
CaO 18.69 19.12 19.05 19.1 18.87 19.04 18.75 18.99 18.9 19.26 18.98 0.18 
K2O 0.00 0.00 0.012 0 0 0 0 0.018 0.007 0.006 0.00 0.01 
Na2O 1.98 1.85 1.95 1.98 1.88 1.9 2.13 1.99 1.89 1.95 1.95 0.08 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.00 0.06 0.05 0.00 0.00 0.00 0.00 0.06 0.08 0.00 0.02 0.03 
NiO 0.07 0.03 0.04 0.03 0.06 0.03 0.04 0.01 0.06 0.06 0.04 0.02 
Cr2O3 0.31 0.18 0.17 0.13 0.15 0.16 0.19 0.19 0.21 0.20 0.19 0.05 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.355 100.721 100.559 100.807 98.444 99.922 100.479 100.824 99.19 102.192   
adjective 
aluminian         
sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian        
pyroxene diopside augite diopside augite augite augite augite augite diopside augite   
             
Si 1.887 1.910 1.911 1.911 1.847 1.901 1.877 1.900 1.911 1.908   
Ti 0.026 0.026 0.027 0.026 0.024 0.025 0.028 0.028 0.026 0.027   
Al (T) 0.113 0.090 0.089 0.089 0.153 0.099 0.123 0.100 0.089 0.092   
Al (M1) 0.212 0.187 0.193 0.173 0.174 0.160 0.199 0.173 0.190 0.166   
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Fe3+ (M1) 0.000 0.000 0.000 0.000 0.060 0.018 0.012 0.004 0.000 0.003   
Fe2+ 0.164 0.160 0.158 0.160 0.109 0.148 0.152 0.161 0.162 0.155   
Mn 0.004 0.003 0.001 0.003 0.004 0.003 0.002 0.002 0.003 0.003   
Mg 0.718 0.746 0.736 0.758 0.742 0.764 0.724 0.749 0.729 0.771   
Ca 0.727 0.741 0.739 0.738 0.746 0.743 0.727 0.735 0.744 0.734   
K 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000   
Na 0.139 0.130 0.137 0.138 0.135 0.134 0.149 0.139 0.135 0.134   
Li 0 0 0 0 0 0 0 0 0 0   
Zn 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.002 0.002 0.000   
Ni 0.002 0.001 0.001 0.001 0.002 0.001 0.001 0.000 0.002 0.002   
Cr 0.009 0.005 0.005 0.004 0.004 0.005 0.005 0.005 0.006 0.006   









 HAWAII         
 114694-17         
 garnet-clinopyroxenite        
 OPX(1)1 OPX(1)2 OPX(2) OPX(3)1 OPX(3)2 OPX(4)1 OPX(4)2 mean sd 
SiO2 54.76 54.1 54.71 53.98 55.47 55.22 54.86 54.73 0.54 
TiO2 0.218 0.268 0.243 0.18 0.227 0.243 0.235 0.23 0.03 
Al2O3 5.14 4.93 4.31 5.13 4.07 4.5 5.07 4.74 0.44 
FeO 10.44 10.67 10.45 10.52 10.65 10.31 10.56 10.51 0.13 
MnO 0.189 0.189 0.218 0.188 0.153 0.182 0.106 0.18 0.04 
MgO 29.07 29.34 29.41 29.09 29.87 29.32 29.18 29.33 0.27 
CaO 0.673 0.707 0.78 0.694 0.766 0.75 0.716 0.73 0.04 
K2O 0 0.017 0.006 0 0 0 0 0.00 0.01 
Na2O 0.137 0.151 0.129 0.165 0.175 0.149 0.103 0.14 0.02 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.01 0.00 0.01 0.01 0.03 0.04 0.03 0.02 0.01 
NiO 0.08 0.08 0.08 0.08 0.08 0.09 0.10 0.08 0.01 
Cr2O3 0.16 0.16 0.11 0.12 0.13 0.11 0.15 0.13 0.02 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.877 100.608 100.456 100.155 101.622 100.917 101.103   
adjective aluminian            aluminian   aluminian   aluminian   aluminian   aluminian   aluminian     
pyroxene enstatite enstatite enstatite enstatite enstatite enstatite enstatite   
          
Si 1.915 1.895 1.920 1.899 1.923 1.929 1.915   
Ti 0.006 0.007 0.006 0.005 0.006 0.006 0.006   
Al (T) 0.085 0.105 0.080 0.101 0.077 0.071 0.085   
Al (M1) 0.127 0.099 0.098 0.111 0.090 0.115 0.123   
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Fe3+ (M1) 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Fe2+ 0.305 0.313 0.307 0.309 0.309 0.301 0.308   
Mn 0.006 0.006 0.006 0.006 0.004 0.005 0.003   
Mg 1.515 1.532 1.538 1.525 1.544 1.527 1.518   
Ca 0.025 0.027 0.029 0.026 0.028 0.028 0.027   
K 0.000 0.001 0.000 0.000 0.000 0.000 0.000   
Na 0.009 0.010 0.009 0.011 0.012 0.010 0.007   
Li 0 0 0 0 0 0 0   
Zn 0.000 0.000 0.000 0.000 0.001 0.001 0.001   
Ni 0.002 0.002 0.002 0.002 0.002 0.003 0.003   
Cr 0.005 0.004 0.003 0.003 0.003 0.003 0.004   











 CHINO VALLEY          
 13-91-5           
 garnet-clinopyroxenite          
 CPX11 CPX12 CPX13 CPX21 CPX22 CPX23 CPX31 CPX32 CPX33 mean sd 
SiO2 50.46 50.64 50.9 50.96 50.27 51.56 50.65 50.1 50.2 50.64 0.46 
TiO2 0.062 0.072 0.099 0.065 0.088 0.04 0.094 0.1 0.058 0.08 0.02 
Al2O3 1.497 1.46 1.499 1.491 1.591 1.351 1.821 1.98 1.571 1.58 0.20 
FeO 5.66 5.45 5.43 4.97 4.73 5.04 5.09 5.14 5.1 5.18 0.28 
MnO 0.077 0.063 0.064 0.08 0.013 0.073 0.1 0.076 0.037 0.06 0.03 
MgO 15.1 15.02 15.12 15.33 14.95 15.3 15.07 14.92 15.09 15.10 0.14 
CaO 21.92 22.03 22.11 23.29 22.74 22.62 22.61 22.24 22.93 22.50 0.46 
K2O 0 0 0 0.007 0 0 0 0.026 0.008 0.00 0.01 
Na2O 0.95 1.02 1.005 0.969 1.004 1.007 1.044 1.221 0.975 1.02 0.08 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.00 0.02 0.04 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 
NiO 0.03 0.02 0.03 0.03 0.02 0.06 0.02 0.03 0.03 0.03 0.01 
Cr2O3 0.11 0.13 0.12 0.13 0.16 0.16 0.16 0.13 0.12 0.14 0.02 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 95.861 95.927 96.417 97.328 95.564 97.215 96.653 95.962 96.115   
adjective     ferrian           ferrian       ferrian          ferrian    ferrian      ferrian        ferrian      ferrian       ferrian        
pyroxene diopside diopside diopside diopside diopside diopside diopside diopside diopside   
            
Si 1.922 1.927 1.927 1.908 1.917 1.934 1.910 1.900 1.904   
Ti 0.002 0.002 0.003 0.002 0.003 0.001 0.003 0.003 0.002   
Al (T) 0.067 0.065 0.067 0.066 0.071 0.060 0.081 0.089 0.070   
Al (M1) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Fe3+ (T) 0.011 0.008 0.006 0.026 0.012 0.006 0.009 0.011 0.026   
Fe3+ (M1) 0.141 0.141 0.138 0.132 0.141 0.132 0.154 0.154 0.138   
Fe2+ 0.028 0.025 0.028 0.000 0.000 0.020 0.000 0.000 0.000   
Mn 0.002 0.002 0.002 0.003 0.000 0.002 0.003 0.002 0.001   
Mg 0.857 0.852 0.853 0.856 0.850 0.856 0.847 0.844 0.853   
Ca 0.895 0.898 0.897 0.934 0.929 0.909 0.914 0.904 0.932   
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000   
Na 0.070 0.075 0.074 0.070 0.074 0.073 0.076 0.090 0.072   
Li 0 0 0 0 0 0 0 0 0   
Zn 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.000   
Ni 0.001 0.001 0.001 0.001 0.001 0.002 0.001 0.001 0.001   
Cr 0.003 0.004 0.004 0.004 0.005 0.005 0.005 0.004 0.004   






Table B.1 (continued) 298
 
  
 CHINO VALLEY          
 12-97-100            
 garnet-clinopyroxenite           
 CPX11 CPX12 CPX21 CPX22 CPX31 CPX41 CPX51 CPX61 CPX71 CPX81 mean sd 
SiO2 54.62 55.55 55.04 54.7 54.61 54.61 54.85 54.5 54.72 54.75 54.80 0.30 
TiO2 0.12 0.07 0.107 0.11 0.13 0.049 0.069 0.115 0.088 0.087 0.09 0.03 
Al2O3 13.61 16.68 14.21 13.39 12.49 14.44 14.67 13.94 14.5 13.17 14.11 1.13 
FeO 6.18 5.08 6.28 6.17 6.62 4.81 5.96 5.97 4.96 6.36 5.84 0.64 
MnO 0.13 0.11 0.155 0.158 0.123 0.037 0.114 0.12 0.054 0.116 0.11 0.04 
MgO 4.63 2.89 4.48 4.91 5.6 5.11 4.06 4.68 4.42 5.04 4.58 0.73 
CaO 6.14 3.62 5.84 6.36 7.31 7.24 5.36 6.04 6.38 6.53 6.08 1.05 
K2O 0.00 0.00 0 0 0 0 0 0 0 0 0.00 0.00 
Na2O 11.15 12.89 11.46 11.17 10.43 10.88 11.84 11.39 10.98 10.66 11.29 0.69 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.00 0.02 0.04 0.00 0.02 0.01 0.01 0.00 0.03 0.03 0.02 0.01 
NiO 0.01 0.01 0.03 0.01 0.00 0.03 0.01 0.00 0.02 0.02 0.01 0.01 
Cr2O3 0.02 0.02 0.00 0.03 0.03 0.05 0.04 0.06 0.03 0.02 0.03 0.02 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 96.617 96.949 97.635 97.01 97.366 97.264 96.98 96.814 96.19 96.776   
adjective 
aluminian    
ferrian     
sodian      
      
magnesian      
aluminian    
ferrian     
sodian      
aluminian    
ferrian     
sodian      
aluminian    
ferrian     
sodian      
aluminian    
ferrian     
sodian      
aluminian    
ferrian     
sodian      
aluminian    
ferrian     
sodian      
aluminian    
ferrian     
sodian      
aluminian    
ferrian     
sodian        
pyroxene (omphacite) jadeite (omphacite) (omphacite) (omphacite) (omphacite) (omphacite) (omphacite) (omphacite) (omphacite)   
             
Si 1.965 1.969 1.958 1.959 1.959 1.946 1.958 1.952 1.975 1.973   
Ti 0.003 0.002 0.003 0.003 0.004 0.001 0.002 0.003 0.002 0.002   
Al (T) 0.035 0.031 0.042 0.041 0.041 0.054 0.042 0.048 0.025 0.027   
Al (M1) 0.543 0.666 0.553 0.524 0.487 0.552 0.575 0.540 0.591 0.533   
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Fe3+ (M1) 0.190 0.154 0.191 0.189 0.203 0.146 0.182 0.183 0.152 0.196   
Fe2+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Mn 0.004 0.003 0.005 0.005 0.004 0.001 0.003 0.004 0.002 0.004   
Mg 0.248 0.153 0.238 0.262 0.299 0.271 0.216 0.250 0.238 0.271   
Ca 0.237 0.138 0.223 0.244 0.281 0.276 0.205 0.232 0.247 0.252   
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Na 0.778 0.886 0.790 0.776 0.725 0.752 0.819 0.791 0.768 0.745   
Li 0 0 0 0 0 0 0 0 0 0   
Zn 0.000 
A
0.001 0.001 0.000 0.001 0.000 0.000 0.000 0.001 0.001   
Ni 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.001 0.000   
Cr 0.001 0.001 0.000 0.001 0.001 0.001 0.001 0.002 0.001 0.001   








 CHINO VALLEY         
 117200-144         
 garnet-clinopyroxenite         
 CPX11c CPX12b CPX21c CPX22b CPX31c CPX32b CPX41c CPX42b CPX51c CPX52b 
SiO2 54.41 54.13 55.32 54.84 53.91 54.59 54.44 53.48 53.21 53.8 
TiO2 0.053 0.072 0.076 0.065 0.073 0.089 0.081 0.127 0.151 0.08 
Al2O3 2.69 3.14 2.97 3.59 2.95 3.47 3.08 3.46 4.07 3.1 
FeO 4.27 4.27 4.35 4.39 4.24 4.34 4.26 4.58 4.37 4.16 
MnO 0 0 0.019 0.031 0 0 0.023 0.027 0.029 0.01 
MgO 15.99 15.79 15.62 15.57 15.76 15.42 15.84 15.59 15.53 15.66 
CaO 22.41 21.73 21.82 21.32 21.84 21.35 21.79 21.42 21.97 21.68 
K2O 0 0 0 0 0 0.01 0 0 0 0 
Na2O 1.6 1.74 1.76 2 1.69 1.76 1.77 1.84 1.61 1.67 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.01 0.02 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 
NiO 0.08 0.06 0.05 0.05 0.09 0.09 0.06 0.05 0.07 0.06 
Cr2O3 0.17 0.13 0.16 0.16 0.20 0.18 0.19 0.17 0.22 0.15 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 101.686 101.088 102.143 102.01 100.751 101.294 101.539 100.738 101.23 100.377 
adjective 
aluminian    
ferrian     
sodian      
aluminian   
ferrian     
sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian   
ferrian     
sodian      
aluminian   
sodian      
aluminian   
ferrian     
sodian      
aluminian   
ferrian     
sodian      
aluminian   
ferrian     
sodian      
aluminian   
sodian      
pyroxene diopside diopside diopside diopside diopside diopside diopside diopside diopside diopside 
           
Si 1.937 1.936 1.962 1.943 1.936 1.952 1.939 1.920 1.903 1.939 
Ti 0.001 0.002 0.002 0.002 0.002 0.002 0.002 0.003 0.004 0.002 
Al (T) 0.063 0.064 0.038 0.057 0.064 0.048 0.061 0.080 0.097 0.061 
Al (M1) 0.050 0.069 0.086 0.093 0.061 0.098 0.068 0.066 0.075 0.071 
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Fe3+ (M1) 0.116 0.108 0.064 0.094 0.111 0.063 0.105 0.131 0.120 0.098 
Fe2+ 0.012 0.020 0.065 0.036 0.016 0.067 0.022 0.007 0.011 0.027 
Mn 0.000 0.000 0.001 0.001 0.000 0.000 0.001 0.001 0.001 0.000 
Mg 0.849 0.842 0.826 0.822 0.844 0.822 0.841 0.834 0.828 0.841 
Ca 0.855 0.833 0.829 0.809 0.840 0.818 0.832 0.824 0.842 0.837 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Na 0.110 0.121 0.121 0.137 0.118 0.122 0.122 0.128 0.112 0.117 
Li 0 0 0 0 0 0 0 0 0 0 
Zn 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ni 0.002 0.002 0.001 0.001 0.003 0.002 0.002 0.001 0.002 0.002 
Cr 0.005 0.004 0.004 0.004 0.006 0.005 0.005 0.005 0.006 0.004 









 CHINO VALLEY        
 117200-144         
 Garnet-cinopyroxenite        
 CPX61c CPX62b CPX71c CPX72b CPX81c CPX82b mean sd  
SiO2 54.1 53.77 53.70 53.81 54.12 53.82 54.09 0.53  
TiO2 0.064 0.052 0.11 0.07 0.09 0.087 0.08 0.03  
Al2O3 3.34 3.38 2.96 3.27 3.4 3.01 3.24 0.33  
FeO 4.4 4.56 4.44 4.35 4.45 4.35 4.36 0.11  
MnO 0.024 0.03 0.01 0.03 0.034 0.039 0.02 0.01  
MgO 15.82 15.72 15.86 15.70 15.39 15.7 15.69 0.16  
CaO 21.58 21.4 22.49 21.61 21.31 21.57 21.71 0.35  
K2O 0 0 0.01 0.00 0 0 0.00 0.00  
Na2O 1.87 1.78 1.38 1.79 2.13 1.8 1.76 0.17  
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
ZnO 0.03 0.00 0.01 0.01 0.01 0.02 0.01 0.01  
NiO 0.05 0.06 0.07 0.06 0.06 0.07 0.06 0.01  
Cr2O3 0.18 0.16 0.15 0.16 0.20 0.28 0.18 0.03  
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  
Total 101.455 100.903 101.199 100.861 101.196 100.743    
adjective 
aluminian    
ferrian     
sodian      
aluminian   
ferrian     
sodian      
aluminian   
ferrian         
aluminian   
ferrian     
sodian      
aluminian   
ferrian     
sodian      
aluminian   
ferrian     
sodian         
pyroxene diopside diopside diopside diopside diopside diopside    
          
Si 1.927 1.927 1.925 1.929 1.932 1.932    
Ti 0.002 0.001 0.003 0.002 0.002 0.002    
Al (T) 0.073 0.073 0.075 0.071 0.068 0.068    
Al (M1) 0.067 0.070 0.050 0.067 0.075 0.060    
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000 0.000    
Fe3+ (M1) 0.127 0.120 0.112 0.120 0.131 0.120    
Fe2+ 0.004 0.017 0.021 0.010 0.002 0.010    
Mn 0.001 0.001 0.000 0.001 0.001 0.001    
Mg 0.840 0.840 0.847 0.839 0.819 0.840    
Ca 0.823 0.822 0.864 0.830 0.815 0.830    
K 0.000 0.000 0.000 0.000 0.000 0.000    
Na 0.129 0.124 0.096 0.124 0.147 0.125    
Li 0 0 0 0 0 0    
Zn 0.001 0.000 0.000 0.000 0.000 0.000    
Ni 0.001 0.002 0.002 0.002 0.002 0.002    
Cr 0.005 0.004 0.004 0.005 0.006 0.008    









 CHINO VALLEY             
 117200-141             
 garnet-clinopyroxenite            
 CPX11c CPX12b CPX21c CPX22b CPX31c CPX32b mean sd CPX41c CPX42b CPX51m CPX52b mean sd 
SiO2 55.04 55.46 55.75 55.4 55.87 55.61 55.52 0.29 53.86 52.24 53.17 53.05 53.08 0.66 
TiO2 0.24 0.20 0.166 0.184 0.183 0.194 0.19 0.02 0.172 0.211 0.176 0.297 0.21 0.06 
Al2O3 7.67 7.50 7.46 7.53 7.64 7.51 7.55 0.08 5.73 7.94 6.4 6.59 6.67 0.93 
FeO 5.12 5.18 4.09 4.43 4.35 3.95 4.52 0.52 4.96 6.1 4.88 5.21 5.29 0.56 
MnO 0.04 0.02 0 0 0.012 0.03 0.02 0.02 0.072 0.08 0 0.034 0.05 0.04 
MgO 10.31 10.80 11 11.13 11.05 11.02 10.89 0.30 12.75 11.09 12.57 12.51 12.23 0.77 
CaO 17.36 17.62 17.72 17.76 17.86 18 17.72 0.22 20.06 20.21 20.11 19.94 20.08 0.11 
K2O 0.00 0.00 0 0 0.01 0 0.00 0.00 0 0.009 0 0.01 0.00 0.01 
Na2O 3.98 3.90 3.93 3.97 3.9 4.02 3.95 0.05 1.85 1.98 2.13 1.97 1.98 0.11 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.00 0.00 0.04 0.00 0.06 0.02 0.02 0.03 0.04 0.00 0.03 0.00 0.02 0.02 
NiO 0.02 0.04 0.04 0.03 0.00 0.02 0.03 0.02 0.01 0.05 0.03 0.05 0.04 0.02 
Cr2O3 0.07 0.07 0.12 0.19 0.07 0.08 0.10 0.05 0.09 0.09 0.03 0.06 0.07 0.02 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 99.848 100.804 100.304 100.623 101.01 100.458   99.593 99.99 99.533 99.726   
adjective                                                                                             
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian        
pyroxene omphacite omphacite omphacite omphacite omphacite omphacite   diopside diopside diopside diopside   
               
Si 1.995 1.991 2.005 1.985 1.996 1.994   1.974 1.916 1.944 1.940   
Ti 0.006 0.006 0.004 0.005 0.005 0.005   0.005 0.006 0.005 0.008   
Al (T) 0.005 0.009 0.000 0.015 0.004 0.006   0.026 0.084 0.056 0.060   
Al (M1) 0.323 0.308 0.316 0.304 0.318 0.312   0.221 0.259 0.220 0.224   
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000 0.000   0.000 0.000 0.000 0.000   
Fe3+ (M1) 0.000 0.000 0.000 0.000 0.000 0.000   0.000 0.000 0.000 0.000   
Fe2+ 0.155 0.155 0.123 0.133 0.130 0.118   0.152 0.187 0.149 0.159   
Mn 0.001 0.001 0.000 0.000 0.000 0.001   0.002 0.002 0.000 0.001   
Mg 0.557 0.578 0.590 0.595 0.589 0.589   0.697 0.606 0.685 0.682   
Ca 0.674 0.678 0.683 0.682 0.684 0.692   0.788 0.794 0.788 0.781   
K 0.000 0.000 0.000 0.000 0.000 0.000   0.000 0.000 0.000 0.000   
Na 0.280 0.271 0.274 0.276 0.270 0.280   0.131 0.141 0.151 0.140   
Li 0 0 0 0 0 0   0 0 0 0   
Zn 0.000 0.000 0.001 0.000 0.002 0.001   0.001 0.000 0.001 0.000   
Ni 0.001 0.001 0.001 0.001 0.000 0.001   0.000 0.001 0.001 0.002   
Cr 0.002 0.002 0.003 0.005 0.002 0.002   0.002 0.002 0.001 0.002   









 ROODEKRAAL             
 JAR 42163             
 eclogite              
 CPX11c CPX12b CPX21c CPX22b CPX31c CPX32b CPX41c CPX42b CPX51c CPX52b CPX6n11 CPX6n12 mean sd 
SiO2 54.27 53.87 55.27 55.32 55.58 54.98 55.6 55.46 56.25 55.23 54.88 55.25 55.16 0.62 
TiO2 0.14 0.13 0.175 0.166 0.153 0.131 0.178 0.171 0.124 0.201 0.181 0.151 0.16 0.02 
Al2O3 6.64 6.96 6.9 6.91 6.76 6.95 6.86 6.97 6.46 6.78 7.13 6.95 6.86 0.18 
FeO 3.86 4.06 4.04 3.99 4.09 4 4.09 3.96 3.91 3.93 4 4.12 4.00 0.08 
MnO 0.05 0.00 0.051 0 0.033 0.009 0 0.036 0.019 0.027 0.033 0 0.02 0.02 
MgO 11.26 11.08 11.17 11.34 11.74 11.08 11.6 11.15 11.48 11.39 11.4 11 11.31 0.23 
CaO 18.70 18.48 18.57 18.59 18.87 18.67 18.51 18.6 19.17 18.35 18.45 18.67 18.64 0.22 
K2O 0.00 0.02 0.015 0 0.015 0.006 0 0 0 0 0.008 0 0.01 0.01 
Na2O 3.29 3.24 3.41 3.39 3.31 3.44 3.35 3.39 3.2 3.3 3.43 3.2 3.33 0.09 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.00 0.00 0.00 0.02 0.00 0.00 0.07 0.00 0.00 0.02 0.02 0.00 0.01 0.02 
NiO 0.02 0.00 0.02 0.02 0.01 0.05 0.01 0.00 0.02 0.04 0.04 0.00 0.02 0.02 
Cr2O3 0.06 0.06 0.03 0.11 0.05 0.07 0.08 0.06 0.06 0.06 0.02 0.05 0.06 0.02 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 98.288 97.902 99.646 99.856 100.61 99.381 100.347 99.798 100.688 99.322 99.594 99.392   
adjective                                                                                                                                                                                       
pyroxene omphacite omphacite omphacite omphacite omphacite omphacite omphacite omphacite omphacite omphacite omphacite omphacite   
               
Si 1.996 1.991 2.007 2.004 1.997 2.001 2.004 2.011 2.024 2.012 1.991 2.016   
Ti 0.004 0.004 0.005 0.005 0.004 0.004 0.005 0.005 0.003 0.006 0.005 0.004   
Al (T) 0.004 0.009 0.000 0.000 0.003 0.000 0.000 0.000 0.000 0.000 0.009 0.000   
Al (M1) 0.284 0.294 0.295 0.295 0.284 0.298 0.291 0.298 0.274 0.291 0.295 0.299   
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Fe3+ (M1) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Fe2+ 0.119 0.125 0.123 0.121 0.123 0.122 0.123 0.120 0.118 0.120 0.121 0.126   
Mn 0.001 0.000 0.002 0.000 0.001 0.000 0.000 0.001 0.001 0.001 0.001 0.000   
Mg 0.618 0.610 0.605 0.612 0.629 0.601 0.623 0.603 0.616 0.619 0.616 0.598   
Ca 0.737 0.732 0.722 0.721 0.727 0.728 0.715 0.723 0.739 0.716 0.717 0.730   
K 0.000 0.001 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Na 0.235 0.232 0.240 0.238 0.231 0.243 0.234 0.238 0.223 0.233 0.241 0.226   
Li 0 0 0 0 0 0 0 0 0 0 0 0   
Zn 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 0.001 0.001 0.000   
Ni 0.001 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.001 0.001 0.001 0.000   
Cr 0.002 0.002 0.001 0.003 0.002 0.002 0.002 0.002 0.002 0.002 0.001 0.001   






Table B.1 (continued) 303
 
  
 ROODEKRAAL     
 JAR 42163      
 eclogite      
 CPX1alt1 CPX1alt2 CPX2alt1 CPX2alt2 mean sd 
SiO2 54.72 54.33 53.34 54.3 54.17 0.59 
TiO2 0.121 0.166 0.394 0.201 0.22 0.12 
Al2O3 3.76 4.05 6.3 3.92 4.51 1.20 
FeO 4.56 4.67 6.32 5.08 5.16 0.81 
MnO 0.017 0.022 0.107 0 0.04 0.05 
MgO 13.57 13.36 12.09 13.41 13.11 0.68 
CaO 21.44 21.46 19.26 21.8 20.99 1.17 
K2O 0 0 0 0.013 0.00 0.01 
Na2O 1.63 1.8 2.38 1.228 1.76 0.48 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.00 0.00 0.09 0.04 0.03 0.04 
NiO 0.00 0.05 0.00 0.04 0.02 0.03 
Cr2O3 0.06 0.06 0.07 0.04 0.06 0.01 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 
Total 99.878 99.969 100.346 100.068   
adjective 
aluminian         
sodian      
aluminian        
sodian      
aluminian   
sodian      aluminian     
pyroxene diopside diopside diopside diopside   
       
Si 1.999 1.982 1.943 1.990   
Ti 0.003 0.005 0.011 0.006   
Al (T) 0.001 0.018 0.057 0.010   
Al (M1) 0.161 0.156 0.213 0.159   
Fe3+ (T) 0.000 0.000 0.000 0.000   
Fe3+ (M1) 0.000 0.000 0.000 0.000   
Fe2+ 0.139 0.142 0.192 0.156   
Mn 0.001 0.001 0.003 0.000   
Mg 0.739 0.727 0.656 0.733   
Ca 0.839 0.839 0.752 0.856   
K 0.000 0.000 0.000 0.001   
Na 0.115 0.127 0.168 0.087   
Li 0 0 0 0   
Zn 0.000 0.000 0.002 0.001   
Ni 0.000 0.002 0.000 0.001   
Cr 0.002 0.002 0.002 0.001   






Table B.1 (continued) 304
 
  
 ROODEKRAAL              
 JAR 42313              
 ky eclogite              
 CPX11c CPX12b CPX21c CPX22b CPX31c CPX32b mean sd  CPX2rim1 CPX2rim2 CPX3rim1 CPX3rim2 mean sd 
SiO2 53.22 53.63 53.14 52.8 53.88 54.84 53.59 0.66  57.15 58.23 59.29 60.2 58.72 1.14 
TiO2 0.04 0.061 0.035 0.042 0.073 0.067 0.05 0.01  0.021 0.017 0.011 0.01 0.01 0.00 
Al2O3 9.74 9.94 10.56 10.46 10.47 10.21 10.23 0.30  23.39 22.69 21.57 21.17 22.21 0.88 
FeO 2.30 2.22 1.95 1.94 2.26 2.05 2.12 0.15  0.137 0.127 0.156 0.084 0.13 0.03 
MnO 0.01 0.036 0.033 0.009 0.026 0 0.02 0.01  0 0 0 0.014 0.00 0.01 
MgO 12.38 12.11 11.87 11.75 12.47 12.04 12.10 0.26  0.067 0.067 0.029 0.151 0.08 0.04 
CaO 16.56 16.4 15.99 16 16.29 16.35 16.27 0.21  5.43 4.32 3.03 2.61 3.85 1.11 
K2O 0.00 0 0 0.007 0 0 0.00 0.00  0.045 0.045 0.515 0.658 0.32 0.28 
Na2O 4.51 4.66 5.08 5.04 5.08 5.04 4.90 0.23  8.9 9.31 9.64 9.89 9.44 0.37 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.02 0.01 0.00 0.01 0.01 0.04 0.01 0.01  0.03 0.00 0.02 0.04 0.02 0.01 
NiO 0.02 0.05 0.02 0.01 0.03 0.01 0.02 0.01  0.00 0.00 0.03 0.00 0.01 0.01 
Cr2O3 0.14 0.11 0.07 0.08 0.09 0.07 0.09 0.02  0.02 0.05 0.03 0.03 0.03 0.01 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 
Total 98.935 99.219 98.747 98.144 100.679 100.712    95.182 94.851 94.323 94.854   
adjective                                                                                                                                                            
pyroxene omphacite omphacite omphacite omphacite omphacite omphacite    jadeite jadeite jadeite jadeite   
                
Si 1.905 1.914 1.898 1.897 1.888 1.925    2.115 2.157 2.205 2.223   
Ti 0.001 0.002 0.001 0.001 0.002 0.002    0.001 0.000 0.000 0.000   
Al (T) 0.095 0.086 0.102 0.103 0.112 0.075    0.000 0.000 0.000 0.000   
Al (M1) 0.316 0.332 0.342 0.341 0.320 0.347    1.020 0.991 0.945 0.921   
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000 0.000    0.000 0.000 0.000 0.000   
Fe3+ (M1) 0.069 0.067 0.059 0.059 0.067 0.061    0.000 0.000 0.000 0.000   
Fe2+ 0.000 0.000 0.000 0.000 0.000 0.000    0.004 0.004 0.005 0.003   
Mn 0.000 0.001 0.001 0.000 0.001 0.000    0.000 0.000 0.000 0.000   
Mg 0.661 0.644 0.632 0.629 0.651 0.630    0.004 0.004 0.002 0.008   
Ca 0.635 0.627 0.612 0.616 0.611 0.615    0.215 0.171 0.121 0.103   
K 0.000 0.000 0.000 0.000 0.000 0.000    0.002 0.002 0.024 0.031   
Na 0.313 0.322 0.352 0.351 0.345 0.343    0.638 0.669 0.695 0.708   
Li 0 0 0 0 0 0    0 0 0 0   
Zn 0.001 0.000 0.000 0.000 0.000 0.001    0.001 0.000 0.000 0.001   
Ni 0.001 0.001 0.001 0.000 0.001 0.000    0.000 0.000 0.001 0.000   
Cr 0.004 0.003 0.002 0.002 0.003 0.002    0.000 0.001 0.001 0.001   






Table B.1 (continued) 305
 
  
 ROODEKRAAL            
 RDK1             
 garnet-clinopyroxenite            
 CPX11c CPX12b CPX1exs1 CPX1exs2 CPX21c CPX22b CPX31c CPX32b CPX41c CPX42b CPX5 mean sd 
SiO2 53.12 53.91 53.06 53.61 54.58 52.31 54.18 54.77 51.56 54.9 54.12 53.65 1.00 
TiO2 0.13 0.15 0.15 0.09 0.141 0.114 0.093 0.11 0.164 0.087 0.089 0.12 0.03 
Al2O3 5.09 4.54 4.86 4.78 4.25 3.57 4.17 3.68 4.94 4.16 3.31 4.30 0.57 
FeO 4.85 4.32 4.83 4.84 4.25 3.92 4.06 4.04 4.41 4.15 4.11 4.34 0.33 
MnO 0.04 0.03 0.033 0.031 0.034 0.02 0.036 0.021 0.027 0.052 0.013 0.03 0.01 
MgO 12.68 13.49 12.58 12.82 13.42 13.87 13.12 13.5 13.18 14.06 14.25 13.36 0.53 
CaO 19.91 19.99 20.1 19.9 20.19 19.4 20.47 20.65 18.92 20.2 21.06 20.07 0.55 
K2O 0.01 0.00 0.007 0 0 0.009 0 0.008 0 0.01 0 0.00 0.00 
Na2O 2.57 2.43 2.6 2.54 2.4 2.32 2.41 2.27 2.71 2.39 2.04 2.43 0.17 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.00 0.00 0.00 0.01 0.03 0.00 0.04 0.00 0.03 0.00 0.02 0.01 0.02 
NiO 0.05 0.06 0.06 0.02 0.05 0.04 0.02 0.05 0.02 0.07 0.04 0.04 0.02 
Cr2O3 0.16 0.19 0.18 0.14 0.13 0.14 0.15 0.11 0.15 0.15 0.16 0.15 0.02 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 98.604 99.112 98.457 98.778 99.482 95.721 98.757 99.208 96.1 100.231 99.21   
adjective aluminian   
sodian      
aluminian   
sodian      
aluminian    
sodian      
aluminian    
sodian      
aluminian    
sodian      
aluminian   
sodian      
aluminian    
sodian      
aluminian  
sodian     
               aluminian   
sodian      
aluminian         sodian    
pyroxene diopside diopside diopside diopside diopside diopside diopside diopside omphacite diopside diopside   
              
Si 1.955 1.970 1.956 1.970 1.989 1.974 1.990 2.003 1.936 1.982 1.978   
Ti 0.004 0.004 0.004 0.002 0.004 0.003 0.003 0.003 0.005 0.002 0.002   
Al (T) 0.045 0.030 0.044 0.030 0.011 0.026 0.010 0.000 0.064 0.018 0.022   
Al (M1) 0.175 0.166 0.167 0.177 0.172 0.132 0.170 0.159 0.154 0.159 0.120   
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Fe3+ (M1) 0.042 0.023 0.049 0.026 0.000 0.053 0.002 0.000 0.093 0.018 0.037   
Fe2+ 0.107 0.109 0.100 0.123 0.130 0.070 0.122 0.124 0.045 0.107 0.088   
Mn 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.002 0.000   
Mg 0.696 0.735 0.691 0.702 0.729 0.780 0.718 0.736 0.738 0.757 0.776   
Ca 0.785 0.783 0.794 0.783 0.788 0.784 0.805 0.809 0.761 0.781 0.824   
K 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Na 0.183 0.172 0.186 0.181 0.170 0.170 0.172 0.161 0.197 0.167 0.145   
Li 0 0 0 0 0 0 0 0 0 0 0   
Zn 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.001 0.000 0.001   
Ni 0.001 0.002 0.002 0.001 0.001 0.001 0.001 0.002 0.000 0.002 0.001   
Cr 0.005 0.006 0.005 0.004 0.004 0.004 0.004 0.003 0.004 0.004 0.005   









 ROODEKRAAL              
 RDK2               
 garnet-clinopyroxenite             
 CPX1nc CPX1nb CPX1balt1 CPX1bal2 CPX2nc CPX2nb CPX2b CPX31c CPX32b CPX41c CPX42b CPX51c CPX52b mean sd 
SiO2 54.56 53.28 54.47 54.42 54.46 54.51 53.54 55.6 54.85 54.39 53.85 53.87 55.18 54.38 0.64 
TiO2 0.107 0.085 0.13 0.10 0.096 0.121 0.121 0.072 0.095 0.065 0.098 0.092 0.128 0.10 0.02 
Al2O3 4.2 4.71 4.24 4.08 4.09 4.31 4.24 4.48 4.47 4.22 4.67 4.28 4.35 4.33 0.20 
FeO 2.85 2.96 3.03 2.87 2.86 2.89 2.74 2.78 3.02 2.93 2.87 2.86 2.8 2.88 0.09 
MnO 0 0.04 0.01 0.00 0.016 0.045 0 0.012 0.025 0.027 0 0.026 0.042 0.02 0.02 
MgO 13.73 13.33 13.71 13.95 13.55 13.38 14.07 13.71 13.81 13.58 13.35 13.63 14.5 13.72 0.32 
CaO 20.63 20.64 20.85 20.96 21.07 20.59 21.01 20.93 20.67 20.69 20.54 20.72 20.24 20.73 0.23 
K2O 0 0 0.03 0.00 0.01 0 0 0.006 0.007 0.019 0 0 0 0.01 0.01 
Na2O 2.23 2.35 2.13 2.20 2.17 2.46 2.11 2.33 2.28 2.27 2.49 2.22 2.41 2.28 0.12 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.00 0.02 0.00 0.02 0.00 0.03 0.04 0.03 0.00 0.01 0.00 0.01 0.01 0.01 0.01 
NiO 0.04 0.01 0.05 0.02 0.04 0.02 0.02 0.03 0.07 0.00 0.05 0.00 0.05 0.03 0.02 
Cr2O3 0.12 0.15 0.14 0.17 0.17 0.12 0.14 0.15 0.19 0.16 0.19 0.17 0.18 0.16 0.02 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 98.463 97.575 98.79 98.782 98.528 98.47 98.032 100.125 99.481 98.369 98.102 97.876 99.89   
adjective 
aluminian    
sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian        
pyroxene diopside diopside diopside diopside diopside diopside diopside diopside diopside diopside diopside diopside diopside   
                
Si 2.002 1.972 1.995 1.990 2.000 2.000 1.971 2.007 1.993 1.998 1.981 1.989 1.989   
Ti 0.003 0.002 0.003 0.003 0.003 0.003 0.003 0.002 0.003 0.002 0.003 0.003 0.003   
Al (T) 0.000 0.028 0.005 0.010 0.000 0.000 0.029 0.000 0.007 0.002 0.019 0.011 0.011   
Al (M1) 0.182 0.177 0.178 0.166 0.177 0.186 0.155 0.191 0.184 0.181 0.183 0.175 0.174   
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Fe3+ (M1) 0.000 0.011 0.000 0.000 0.000 0.000 0.014 0.000 0.000 0.000 0.003 0.000 0.000   
Fe2+ 0.087 0.081 0.093 0.088 0.088 0.089 0.071 0.084 0.092 0.090 0.085 0.088 0.084   
Mn 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.001 0.000 0.001 0.001   
Mg 0.751 0.735 0.749 0.761 0.742 0.732 0.772 0.738 0.748 0.744 0.732 0.750 0.779   
Ca 0.811 0.818 0.818 0.821 0.829 0.809 0.829 0.809 0.805 0.815 0.809 0.819 0.782   
K 0.000 0.000 0.002 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000   
Na 0.159 0.169 0.151 0.156 0.155 0.175 0.151 0.163 0.161 0.162 0.178 0.159 0.168   
Li 0 0 0 0 0 0 0 0 0 0 0 0 0   
Zn 0.000 0.001 0.000 0.000 0.000 0.001 0.001 0.001 0.000 0.000 0.000 0.000 0.000   
Ni 0.001 0.000 0.002 0.001 0.001 0.000 0.001 0.001 0.002 0.000 0.001 0.000 0.001   
Cr 0.003 0.004 0.004 0.005 0.005 0.003 0.004 0.004 0.005 0.005 0.005 0.005 0.005   






307 Table B.1 (continued) 
 
  
 JACHTFONTEIN         
 JAR 20093         
 garnet-clinopyroxenite        
 CPX11c CPX11b CPX12b CPX12bn CPX1alt1 CPX1alt3 CPX1alt2 CPX1alt4 CPX21c CPX22b 
SiO2 52.04 51.56 51.83 51.7 50.81 49.68 49.82 48.13 51.53 51.84 
TiO2 0.13 0.16 0.155 0.089 0.319 0.386 1.138 1.74 0.098 0.151 
Al2O3 4.46 5.70 5.75 4.82 3.6 4.05 5.84 6.18 4.13 4.69 
FeO 3.21 2.90 3.42 3.09 3.27 3.94 2.98 3.35 2.96 3.39 
MnO 0.03 0.01 0.035 0.038 0.052 0.037 0.012 0.032 0 0.059 
MgO 15.71 15.37 14.69 15.69 17.47 16.49 15.71 15.93 16.01 15.38 
CaO 20.83 20.34 19.37 20.46 21.97 22.13 20.35 20.73 21.01 20.22 
K2O 0.00 0.00 0 0 0 0.006 0 0.016 0 0.017 
Na2O 2.32 2.63 3.17 2.45 1.224 1.022 2.43 1.71 2.16 2.46 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.02 0.03 0.00 0.01 0.01 0.00 0.02 0.02 0.00 0.00 
NiO 0.06 0.08 0.06 0.05 0.04 0.04 0.07 0.07 0.06 0.03 
Cr2O3 0.19 0.13 0.16 0.12 0.09 0.19 0.17 0.16 0.13 0.09 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 98.99 98.894 98.64 98.514 98.854 97.975 98.543 98.066 98.078 98.323 
adjective 
aluminian   
sodian      
aluminian   
sodian                     
aluminian   
sodian      
aluminian   
ferrian         
aluminian   
ferrian         
aluminian   
sodian      
aluminian    
ferrian     sodian     
aluminian   
sodian      
aluminian    
ferrian     sodian     
pyroxene diopside diopside omphacite diopside augite diopside diopside diopside diopside diopside 
           
Si 1.883 1.861 1.875 1.875 1.845 1.831 1.808 1.766 1.880 1.888 
Ti 0.004 0.004 0.004 0.002 0.009 0.011 0.031 0.048 0.003 0.004 
Al (T) 0.117 0.139 0.125 0.125 0.154 0.169 0.192 0.234 0.120 0.112 
Al (M1) 0.073 0.104 0.120 0.082 0.000 0.007 0.058 0.033 0.057 0.089 
Fe3+ (T) 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 
Fe3+ (M1) 0.099 0.089 0.105 0.095 0.101 0.124 0.092 0.105 0.092 0.105 
Fe2+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Mn 0.001 0.000 0.001 0.001 0.002 0.001 0.000 0.001 0.000 0.002 
Mg 0.847 0.827 0.792 0.849 0.946 0.906 0.850 0.871 0.871 0.835 
Ca 0.808 0.787 0.751 0.795 0.855 0.874 0.791 0.815 0.821 0.789 
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001 
Na 0.163 0.184 0.222 0.172 0.086 0.073 0.171 0.122 0.153 0.174 
Li 0 0 0 0 0 0 0 0 0 0 
Zn 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 
Ni 0.002 0.002 0.002 0.001 0.001 0.001 0.002 0.002 0.002 0.001 
Cr 0.005 0.004 0.004 0.003 0.003 0.006 0.005 0.005 0.004 0.003 









 JACHTFONTEIN       
 JAR 20093        
 garnet-clinopyroxenite       
 CPX31c CPX32b CPX32m CPX42b CPX4alt1 CPX4alt2 mean sd 
SiO2 51.84 51.77 53.03 52.15 51.13 50.86 51.23 1.18 
TiO2 0.124 0.146 0.123 0.171 0.145 0.256 0.33 0.45 
Al2O3 4.65 5.29 4.22 4.82 5.16 5.65 4.94 0.75 
FeO 3.14 3.3 3.25 3.18 3.4 3.32 3.26 0.24 
MnO 0 0.032 0.023 0 0.027 0 0.02 0.02 
MgO 15.34 14.88 14.06 15.64 15.11 14.69 15.51 0.79 
CaO 20.44 20.02 20.78 20.6 20.17 19.61 20.56 0.72 
K2O 0 0 0.01 0 0.009 0 0.00 0.01 
Na2O 2.6 2.78 2.44 2.45 2.77 2.92 2.35 0.58 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.01 0.00 0.00 0.00 0.00 0.03 0.01 0.01 
NiO 0.05 0.04 0.03 0.11 0.05 0.06 0.06 0.02 
Cr2O3 0.09 0.12 0.15 0.14 0.13 0.11 0.14 0.03 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 98.284 98.377 98.119 99.267 98.099 97.513   
adjective 
aluminian         
sodian      
aluminian     
ferrian  sodian      
aluminian   
sodian      
aluminian   
sodian      
aluminian    
ferrian sodian                       
pyroxene diopside diopside diopside diopside diopside omphacite   
         
Si 1.886 1.882 1.947 1.880 1.862 1.863   
Ti 0.003 0.004 0.003 0.005 0.004 0.007   
Al (T) 0.114 0.118 0.053 0.120 0.138 0.137   
Al (M1) 0.085 0.108 0.130 0.085 0.083 0.106   
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000 0.000   
Fe3+ (M1) 0.097 0.102 0.086 0.097 0.106 0.104   
Fe2+ 0.000 0.000 0.013 0.000 0.000 0.000   
Mn 0.000 0.001 0.001 0.000 0.001 0.000   
Mg 0.832 0.806 0.770 0.841 0.820 0.802   
Ca 0.797 0.780 0.817 0.796 0.787 0.769   
K 0.000 0.000 0.000 0.000 0.000 0.000   
Na 0.183 0.196 0.174 0.171 0.196 0.207   
Li 0 0 0 0 0 0   
Zn 0.000 0.000 0.000 0.000 0.000 0.001   
Ni 0.001 0.001 0.001 0.003 0.001 0.002   
Cr 0.003 0.004 0.004 0.004 0.004 0.003   









 JACHTFONTEIN         
 JAR 20113         
 eclogite          
 CPX11c CPX12b CPX21c CPX22b CPX31c CPX32b CPX41c CPX41b mean sd 
SiO2 55.44 55.04 55.14 55.35 55.34 54.46 55.89 54.46 55.14 0.49 
TiO2 0.18 0.19 0.143 0.184 0.188 0.22 0.183 0.201 0.19 0.02 
Al2O3 9.35 9.25 9.56 9.36 9.32 9.42 9.5 9.35 9.39 0.10 
FeO 2.93 3.03 3.04 3.08 2.92 3.07 3 3.04 3.01 0.06 
MnO 0.00 0.03 0.049 0.033 0.022 0.067 0.029 0.045 0.03 0.02 
MgO 10.03 9.94 9.92 9.96 10.35 9.84 10.26 9.88 10.02 0.18 
CaO 16.56 16.58 16.67 16.59 16.87 16.58 16.7 16.52 16.63 0.11 
K2O 0.00 0.01 0 0.009 0 0 0 0.016 0.00 0.01 
Na2O 4.35 4.42 4.6 4.28 4.35 4.55 4.36 4.46 4.42 0.11 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.00 0.01 0.00 0.01 0.03 0.03 0.04 0.02 0.02 0.01 
NiO 0.04 0.01 0.02 0.03 0.04 0.00 0.02 0.03 0.02 0.01 
Cr2O3 0.08 0.09 0.08 0.08 0.04 0.06 0.07 0.07 0.07 0.02 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 98.951 98.589 99.22 98.964 99.465 98.294 100.055 98.088   
adjective                                                                                                                           
pyroxene omphacite omphacite omphacite omphacite omphacite omphacite omphacite omphacite   
           
Si 2.011 2.004 1.992 2.010 1.995 1.986 2.005 1.991   
Ti 0.005 0.005 0.004 0.005 0.005 0.006 0.005 0.006   
Al (T) 0.000 0.000 0.008 0.000 0.005 0.014 0.000 0.009   
Al (M1) 0.400 0.397 0.399 0.401 0.391 0.391 0.402 0.394   
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Fe3+ (M1) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Fe2+ 0.089 0.092 0.092 0.094 0.088 0.094 0.090 0.093   
Mn 0.000 0.001 0.001 0.001 0.001 0.002 0.001 0.001   
Mg 0.542 0.539 0.534 0.539 0.556 0.535 0.549 0.539   
Ca 0.644 0.647 0.645 0.645 0.652 0.648 0.642 0.647   
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001   
Na 0.306 0.312 0.322 0.301 0.304 0.322 0.303 0.316   
Li 0 0 0 0 0 0 0 0   
Zn 0.000 0.000 0.000 0.000 0.001 0.001 0.001 0.000   
Ni 0.001 0.000 0.000 0.001 0.001 0.000 0.001 0.001   
Cr 0.002 0.003 0.002 0.002 0.001 0.002 0.002 0.002   






Table B.1 (continued) 310
 
  
 JACHTFONTEIN         
 JAR 20263         
 eclogite          
 CPX1n1c CPX1n1b CPX1n2c CPX1n2b CPX2n1c CPX2n1b CPX32c CPX31b mean sd 
SiO2 55.33 52.63 53.46 55.71 53.46 52.36 53.62 52.95 53.69 1.21 
TiO2 0.243 0.199 0.135 0.163 0.193 0.2 0.18 0.18 0.19 0.03 
Al2O3 9.93 9.32 9.42 9.66 10.05 10.17 10.14 10.86 9.94 0.49 
FeO 3.34 3.5 3.38 3.36 3.48 3.36 3.6 3.31 3.42 0.10 
MnO 0.028 0.054 0 0.035 0.026 0.011 0.032 0.01 0.02 0.02 
MgO 9.71 9.67 10.02 9.6 9.7 9.75 9.6 9.12 9.65 0.25 
CaO 16.16 16.55 16.35 16.18 15.9 16.09 15.85 15.43 16.06 0.34 
K2O 0.009 0 0.009 0.01 0 0.01 0 0 0.00 0.01 
Na2O 5.14 4.8 4.83 4.87 4.89 4.86 5.1 4.74 4.90 0.14 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.03 0.01 0.00 0.06 0.01 0.00 0.03 0.01 0.02 0.02 
NiO 0.00 0.05 0.00 0.02 0.00 0.01 0.03 0.01 0.01 0.02 
Cr2O3 0.06 0.08 0.09 0.09 0.08 0.06 0.08 0.06 0.07 0.01 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 99.979 96.859 97.689 99.749 97.788 96.88 98.264 96.687   
adjective                                                                                                                           
pyroxene omphacite omphacite omphacite omphacite omphacite omphacite omphacite omphacite   
           
Si 1.978 1.944 1.955 2.002 1.954 1.929 1.949 1.960   
Ti 0.007 0.006 0.004 0.004 0.005 0.006 0.005 0.005   
Al (T) 0.022 0.056 0.045 0.000 0.046 0.071 0.051 0.040   
Al (M1) 0.397 0.350 0.361 0.409 0.387 0.370 0.384 0.434   
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Fe3+ (M1) 0.000 0.037 0.017 0.000 0.000 0.035 0.015 0.000   
Fe2+ 0.100 0.071 0.086 0.101 0.106 0.068 0.095 0.102   
Mn 0.001 0.002 0.000 0.001 0.001 0.000 0.001 0.000   
Mg 0.518 0.532 0.546 0.514 0.529 0.535 0.520 0.503   
Ca 0.619 0.655 0.641 0.623 0.623 0.635 0.617 0.612   
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Na 0.356 0.344 0.342 0.339 0.347 0.347 0.359 0.340   
Li 0 0 0 0 0 0 0 0   
Zn 0.001 0.000 0.000 0.002 0.000 0.000 0.001 0.000   
Ni 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.000   
Cr 0.002 0.002 0.002 0.002 0.002 0.002 0.002 0.002   






Table B.1 (continued) 311
 
  
 JACHTFONTEIN         
 JAR 20263          
 eclogite          
 CPX1alt1 CPX1alt2 CPX1alt3 CPX3alt1 CPX3alt2 CPX3alt3 mean sd  CPX2alt1 
SiO2 55.19 53.23 53.47 52.82 52.92 53.63 53.54 0.86  54.57 
TiO2 0.15 0.353 0.20 0.4 0.337 0.341 0.30 0.10  0.295 
Al2O3 6.88 8.55 6.25 8.9 8.95 9.7 8.21 1.34  3.2 
FeO 3.56 4.01 3.41 3.86 4.03 3.86 3.79 0.25  4.49 
MnO 0.01 0 0.02 0.019 0.046 0.023 0.02 0.02  0.091 
MgO 11.75 11.08 11.08 11.28 11.28 10.61 11.18 0.37  13 
CaO 19.05 18.3 19.11 18.63 19 18.43 18.75 0.35  21.86 
K2O 0.01 0 0.01 0.007 0.006 0 0.01 0.00  0.009 
Na2O 3.20 3.28 2.64 3.21 2.97 3.49 3.13 0.29  1.41 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 
ZnO 0.02 0.03 0.00 0.05 0.02 0.02 0.02 0.02  0.00 
NiO 0.01 0.00 0.00 0.04 0.00 0.00 0.01 0.02  0.02 
Cr2O3 0.09 0.10 0.11 0.09 0.06 0.08 0.09 0.02  0.14 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 
Total 99.924 98.93 96.3 99.298 99.622 100.179    99.079 
adjective                                                                                              aluminian sodian     
pyroxene omphacite omphacite omphacite omphacite omphacite omphacite    wollastonite 
           
Si 1.995 1.944 2.017 1.921 1.922 1.933    2.020 
Ti 0.004 0.010 0.006 0.011 0.009 0.009    0.008 
Al (T) 0.005 0.056 0.000 0.079 0.078 0.067    0.000 
Al (M1) 0.288 0.312 0.278 0.302 0.305 0.345    0.140 
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000 0.000    0.000 
Fe3+ (M1) 0.000 0.000 0.000 0.000 0.000 0.000    0.000 
Fe2+ 0.108 0.122 0.108 0.117 0.122 0.116    0.139 
Mn 0.000 0.000 0.001 0.001 0.001 0.001    0.003 
Mg 0.633 0.603 0.623 0.612 0.611 0.570    0.717 
Ca 0.738 0.716 0.772 0.726 0.739 0.712    0.867 
K 0.000 0.000 0.000 0.000 0.000 0.000    0.000 
Na 0.224 0.232 0.193 0.226 0.209 0.244    0.101 
Li 0 0 0 0 0 0    0 
Zn 0.000 0.001 0.000 0.001 0.001 0.000    0.000 
Ni 0.000 0.000 0.000 0.001 0.000 0.000    0.000 
Cr 0.003 0.003 0.003 0.003 0.002 0.002    0.004 






Table B.1 (continued) 312
 
  
 JACHTFONTEIN           
 JAR 20273           
 eclogite            
 CPX11c CPX12b CPX1pq1 CPX1pq2 CPX2n1 CPX2n2 CPX2pq1 CPX22b CPX2pq2 CPX31c mean sd 
SiO2 56.44 56.82 57.17 57.32 56.75 57.08 57.35 57.29 57.06 57.19 57.05 0.29 
TiO2 0.16 0.152 0.20 0.165 0.155 0.165 0.169 0.14 0.156 0.179 0.16 0.02 
Al2O3 8.38 8.18 8.17 8.04 8.08 8.12 8.11 8.27 8.09 8.19 8.16 0.10 
FeO 3.74 3.83 3.78 3.89 3.85 3.82 4 3.95 3.64 3.82 3.83 0.10 
MnO 0.10 0.067 0.02 0.043 0.043 0.057 0.119 0 0.034 0.039 0.05 0.04 
MgO 10.96 11.13 11.00 11.27 11.18 11.11 10.91 10.85 11.02 11 11.04 0.13 
CaO 15.06 14.92 15.04 15.09 15.03 15.18 14.66 15.04 14.97 14.96 15.00 0.14 
K2O 0.00 0 0.01 0 0 0 0.011 0.011 0 0.008 0.00 0.01 
Na2O 5.26 5.14 5.25 5.17 5.17 5.46 5.21 5.31 5.41 5.33 5.27 0.11 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.02 0.05 0.00 0.06 0.05 0.01 0.00 0.02 0.01 0.03 0.02 0.02 
NiO 0.04 0.02 0.06 0.00 0.02 0.05 0.00 0.04 0.00 0.03 0.03 0.02 
Cr2O3 0.18 0.22 0.27 0.29 0.19 0.22 0.34 0.32 0.30 0.29 0.26 0.05 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.329 100.522 100.965 101.333 100.525 101.279 100.876 101.23 100.693 101.065   
adjective                                                                                                                                                         
pyroxene omphacite omphacite omphacite omphacite omphacite omphacite omphacite omphacite omphacite omphacite   
             
Si 2.007 2.018 2.022 2.021 2.015 2.009 2.033 2.022 2.020 2.020   
Ti 0.004 0.004 0.005 0.004 0.004 0.004 0.005 0.004 0.004 0.005   
Al (T) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Al (M1) 0.351 0.342 0.341 0.334 0.338 0.337 0.339 0.344 0.338 0.341   
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Fe3+ (M1) 0.000 0.000 0.000 0.000 0.000 0.003 0.000 0.000 0.000 0.000   
Fe2+ 0.111 0.114 0.112 0.115 0.114 0.109 0.119 0.117 0.108 0.113   
Mn 0.003 0.002 0.001 0.001 0.001 0.002 0.004 0.000 0.001 0.001   
Mg 0.581 0.589 0.580 0.592 0.592 0.583 0.577 0.571 0.582 0.579   
Ca 0.574 0.568 0.570 0.570 0.572 0.572 0.557 0.569 0.568 0.566   
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Na 0.363 0.354 0.360 0.353 0.356 0.373 0.358 0.363 0.371 0.365   
Li 0 0 0 0 0 0 0 0 0 0   
Zn 0.000 0.001 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.001   
Ni 0.001 0.001 0.002 0.000 0.001 0.002 0.000 0.001 0.000 0.001   
Cr 0.005 0.006 0.008 0.008 0.005 0.006 0.009 0.009 0.008 0.008   






Table B.1 (continued) 313
 
  
 JACHTFONTEIN            
 JAR 20273             
 eclogite             
 CPX2alt1 CPX2alt2 CPX3alt1 CPX3alt2 mean sd  OPXpq11c OPXpq12c OPXpq13b OPXpq14b mean sd 
SiO2 54.92 55.81 55.05 56.36 55.54 0.68  57.81 57.62 57.55 57.65 57.66 0.11 
TiO2 0.23 0.19 0.169 0.199 0.20 0.03  0.03 0.031 0.008 0 0.02 0.02 
Al2O3 2.69 4.48 4.62 4.28 4.02 0.90  0.945 0.984 1.015 0.987 0.98 0.03 
FeO 5 4.54 4.34 4.49 4.59 0.28  10.73 10.9 10.76 10.86 10.81 0.08 
MnO 0.052 0.074 0.057 0.073 0.06 0.01  0.075 0.107 0.122 0.101 0.10 0.02 
MgO 15.23 14.24 14.2 14.39 14.52 0.48  31.31 31.24 30.95 31.24 31.19 0.16 
CaO 20.16 19.4 18.79 19.82 19.54 0.59  0.19 0.186 0.191 0.197 0.19 0.00 
K2O 0.014 0.007 0.008 0.009 0.01 0.00  0 0 0.01 0 0.00 0.01 
Na2O 1.67 2.47 2.54 1.85 2.13 0.44  0.075 0.055 0.086 0.031 0.06 0.02 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.00 0.03 0.03 0.00 0.01 0.02  0.08 0.00 0.00 0.02 0.03 0.04 
NiO 0.06 0.03 0.03 0.01 0.03 0.02  0.10 0.09 0.06 0.09 0.08 0.01 
Cr2O3 0.35 0.21 0.38 0.33 0.32 0.07  0.03 0.05 0.05 0.03 0.04 0.01 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.376 101.478 100.209 101.807    101.373 101.259 100.802 101.212   
adjective 
aluminian       
sodian      
aluminian   
sodian      
aluminian  
chromian    
sodian      
aluminian   
sodian                                                                       
pyroxene augite diopside augite diopside    enstatite enstatite enstatite enstatite   
              
Si 1.990 1.991 1.986 2.014    2.008 2.004 2.011 2.006   
Ti 0.006 0.005 0.005 0.005    0.001 0.001 0.000 0.000   
Al (T) 0.010 0.009 0.014 0.000    0.000 0.000 0.000 0.000   
Al (M1) 0.105 0.180 0.182 0.180    0.039 0.040 0.042 0.040   
Fe3+ (T) 0.000 0.000 0.000 0.000    0.000 0.000 0.000 0.000   
Fe3+ (M1) 0.000 0.000 0.000 0.000    0.000 0.000 0.000 0.000   
Fe2+ 0.152 0.135 0.131 0.134    0.312 0.317 0.314 0.316   
Mn 0.002 0.002 0.002 0.002    0.002 0.003 0.004 0.003   
Mg 0.823 0.757 0.764 0.767    1.621 1.620 1.612 1.621   
Ca 0.783 0.742 0.726 0.759    0.007 0.007 0.007 0.007   
K 0.001 0.000 0.000 0.000    0.000 0.000 0.000 0.000   
Na 0.117 0.171 0.178 0.128    0.005 0.004 0.006 0.002   
Li 0 0 0 0    0 0 0 0   
Zn 0.000 0.001 0.001 0.000    0.002 0.000 0.000 0.001   
Ni 0.002 0.001 0.001 0.000    0.003 0.003 0.002 0.003   
Cr 0.010 0.006 0.011 0.009    0.001 0.001 0.001 0.001   









 LOVEDALE         
 JAR 02073         
 eclogite          
 CPX1n1c CPX1n1b CPX21c CPX21b CPX31c CPX32b CPX41c CPX42b mean sd 
SiO2 54.25 54.61 53.68 54.29 54.43 54.93 54.26 53.28 54.22 0.52 
TiO2 0.291 0.319 0.322 0.313 0.307 0.265 0.393 0.294 0.31 0.04 
Al2O3 10.39 10.51 10.42 10.42 10.34 10.9 10.39 10.56 10.49 0.18 
FeO 4.51 4.38 4.31 4.37 4.53 4.33 4.89 4.75 4.51 0.21 
MnO 0.076 0 0.027 0.038 0.03 0.022 0.052 0.032 0.03 0.02 
MgO 9.18 9.18 9.27 9.37 9.2 8.87 10.29 9.66 9.38 0.43 
CaO 14.87 14.92 14.88 14.83 14.86 14.31 14.91 15.16 14.84 0.24 
K2O 0.016 0.012 0.019 0.013 0 0.008 0.036 0.013 0.01 0.01 
Na2O 5.8 5.59 5.48 5.62 5.61 6.03 4.83 4.88 5.48 0.42 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.03 0.02 0.00 0.01 0.03 0.02 0.04 0.00 0.02 0.01 
NiO 0.01 0.02 0.00 0.02 0.01 0.01 0.03 0.03 0.02 0.01 
Cr2O3 0.03 0.05 0.04 0.04 0.08 0.10 0.06 0.05 0.06 0.02 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 99.459 99.608 98.45 99.334 99.43 99.797 100.176 98.708   
adjective                                                                                                                           
pyroxene omphacite omphacite omphacite omphacite omphacite omphacite omphacite omphacite   
           
Si 1.946 1.959 1.947 1.951 1.957 1.962 1.942 1.935   
Ti 0.008 0.009 0.009 0.008 0.008 0.007 0.011 0.008   
Al (T) 0.054 0.041 0.053 0.049 0.043 0.038 0.058 0.065   
Al (M1) 0.386 0.404 0.393 0.392 0.395 0.421 0.380 0.387   
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Fe3+ (M1) 0.056 0.008 0.028 0.031 0.021 0.018 0.000 0.004   
Fe2+ 0.080 0.123 0.103 0.100 0.116 0.112 0.146 0.140   
Mn 0.002 0.000 0.001 0.001 0.001 0.001 0.002 0.001   
Mg 0.491 0.491 0.501 0.502 0.493 0.472 0.549 0.523   
Ca 0.572 0.574 0.578 0.571 0.572 0.548 0.572 0.590   
K 0.001 0.001 0.001 0.001 0.000 0.000 0.002 0.001   
Na 0.403 0.389 0.385 0.392 0.391 0.418 0.335 0.344   
Li 0 0 0 0 0 0 0 0   
Zn 0.001 0.001 0.000 0.000 0.001 0.001 0.001 0.000   
Ni 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.001   
Cr 0.001 0.001 0.001 0.001 0.002 0.003 0.002 0.001   






Table B.1 (continued) 315
 
  
 LOVEDALE       
 JAR 02073        
 eclogite        
 CPX1alt1 CPX1alt2 CPX2alt1 CPX2alt2 CPX3alt1 CPX3alt2 mean sd 
SiO2 52.54 52.84 51.53 50.2 53.24 52.71 52.18 1.12 
TiO2 0.28 0.28 0.375 0.284 0.277 0.302 0.30 0.04 
Al2O3 9.72 9.68 8.44 8.5 7.67 6.9 8.49 1.11 
FeO 5.80 4.98 6.14 5.92 4.95 5.5 5.55 0.50 
MnO 0.05 0.03 0.052 0.069 0.054 0.03 0.05 0.02 
MgO 10.37 10.70 11.44 13.5 11.23 12.33 11.60 1.15 
CaO 15.95 16.29 18.23 17.4 17.94 19.38 17.53 1.28 
K2O 0.02 0.01 0 0.032 0.053 0.009 0.02 0.02 
Na2O 4.14 4.24 2.69 2.49 3.46 2.61 3.27 0.79 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.02 0.00 0.00 0.00 0.03 0.01 0.01 0.01 
NiO 0.01 0.01 0.02 0.00 0.02 0.03 0.01 0.01 
Cr2O3 0.08 0.05 0.07 0.09 0.10 0.10 0.08 0.02 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 98.968 99.101 98.98 98.489 99.02 99.905   
adjective                                              
aluminian 
ferrian   sodian                   
aluminian   
sodian        
pyroxene omphacite omphacite omphacite augite omphacite diopside   
         
Si 1.914 1.916 1.894 1.840 1.944 1.916   
Ti 0.008 0.008 0.010 0.008 0.008 0.008   
Al (T) 0.086 0.084 0.106 0.160 0.056 0.084   
Al (M1) 0.332 0.329 0.260 0.207 0.275 0.212   
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000 0.000   
Fe3+ (M1) 0.030 0.037 0.015 0.114 0.011 0.037   
Fe2+ 0.147 0.114 0.174 0.068 0.141 0.131   
Mn 0.002 0.001 0.002 0.002 0.002 0.001   
Mg 0.563 0.578 0.627 0.738 0.611 0.668   
Ca 0.623 0.633 0.718 0.683 0.702 0.755   
K 0.001 0.000 0.000 0.001 0.002 0.000   
Na 0.292 0.298 0.192 0.177 0.245 0.184   
Li 0 0 0 0 0 0   
Zn 0.000 0.000 0.000 0.000 0.001 0.000   
Ni 0.000 0.000 0.001 0.000 0.000 0.001   
Cr 0.002 0.001 0.002 0.003 0.003 0.003   









 LOVEDALE            
 JAR 02093            
 eclogite             
 CPX11c CPX12b CPX21c CPX22b CPX31c CPX32b mean sd  CPX3alt1 CPX3alt2 mean sd 
SiO2 55.89 56.09 55.52 55.89 56.07 56.26 55.95 0.25  52.88 53.5 53.19 0.44 
TiO2 0.28 0.24 0.24 0.258 0.236 0.297 0.26 0.03  0.294 0.297 0.30 0.00 
Al2O3 9.60 9.62 9.63 9.59 9.49 9.67 9.60 0.06  4.98 5.16 5.07 0.13 
FeO 6.82 6.64 6.74 6.7 6.64 6.62 6.69 0.08  8.49 8.19 8.34 0.21 
MnO 0.06 0.06 0.04 0.02 0.067 0.092 0.06 0.02  0.083 0.09 0.09 0.00 
MgO 8.25 8.22 8.05 8.05 8.26 8.2 8.17 0.10  11.36 11.36 11.36 0.00 
CaO 13.14 13.17 13 13.14 13.21 13.11 13.13 0.07  17.96 18.05 18.01 0.06 
K2O 0.00 0.00 0 0 0 0.012 0.00 0.00  0.02 0 0.01 0.01 
Na2O 6.23 5.98 6.19 6.09 6.04 6.07 6.10 0.09  2.67 2.47 2.57 0.14 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
ZnO 0.02 0.03 0.03 0.00 0.02 0.00 0.02 0.01  0.04 0.04 0.04 0.00 
NiO 0.05 0.01 0.02 0.03 0.03 0.00 0.02 0.02  0.06 0.01 0.03 0.03 
Cr2O3 0.05 0.09 0.05 0.07 0.08 0.06 0.07 0.01  0.10 0.07 0.08 0.02 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
Total 100.386 100.141 99.507 99.836 100.146 100.388    98.926 99.232   
adjective                                                                                              
aluminian   
sodian      
aluminian   
sodian        
pyroxene omphacite omphacite omphacite omphacite omphacite omphacite    augite augite   
              
Si 2.001 2.016 2.006 2.015 2.015 2.017    1.965 1.984   
Ti 0.007 0.006 0.007 0.007 0.006 0.008    0.008 0.008   
Al (T) 0.000 0.000 0.000 0.000 0.000 0.000    0.035 0.016   
Al (M1) 0.405 0.408 0.410 0.407 0.402 0.409    0.183 0.209   
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000 0.000    0.000 0.000   
Fe3+ (M1) 0.009 0.000 0.000 0.000 0.000 0.000    0.027 0.000   
Fe2+ 0.195 0.200 0.204 0.202 0.200 0.198    0.237 0.254   
Mn 0.002 0.002 0.001 0.001 0.002 0.003    0.003 0.003   
Mg 0.440 0.441 0.434 0.433 0.442 0.438    0.629 0.628   
Ca 0.504 0.507 0.503 0.507 0.509 0.503    0.715 0.717   
K 0.000 0.000 0.000 0.000 0.000 0.001    0.001 0.000   
Na 0.432 0.417 0.434 0.426 0.421 0.422    0.192 0.178   
Li 0 0 0 0 0 0    0 0   
Zn 0.001 0.001 0.001 0.000 0.001 0.000    0.001 0.001   
Ni 0.001 0.000 0.000 0.001 0.001 0.000    0.002 0.000   
Cr 0.001 0.002 0.002 0.002 0.002 0.002    0.003 0.002   









 LOVEDALE      
 JAR 02023      
 eclogite       
 CPX11c CPX12c CPX21b CPX32c CPX31b mean sd 
SiO2 55.41 55.44 55.95 55.65 55.27 55.54 0.26 
TiO2 0.54 0.556 0.559 0.569 0.599 0.56 0.02 
Al2O3 8.56 8.63 8.51 8.68 8.54 8.58 0.07 
FeO 6.20 5.92 6.2 5.88 5.99 6.04 0.15 
MnO 0.11 0.105 0.105 0.118 0.078 0.10 0.01 
MgO 9.92 9.97 9.81 9.54 9.56 9.76 0.20 
CaO 13.59 13.5 13.86 13.18 13.22 13.47 0.28 
K2O 0.00 0.012 0.008 0.013 0.016 0.01 0.01 
Na2O 5.88 6.24 5.91 6.04 5.98 6.01 0.14 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.01 0.00 0.03 0.01 0.02 0.01 0.01 
NiO 0.01 0.01 0.00 0.02 0.03 0.01 0.01 
Cr2O3 0.10 0.11 0.08 0.09 0.13 0.10 0.02 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 100.323 100.487 101.025 99.791 99.433   
adjective                                                                              
pyroxene omphacite omphacite omphacite omphacite omphacite   
        
Si 1.979 1.969 1.986 1.997 1.991   
Ti 0.014 0.015 0.015 0.015 0.016   
Al (T) 0.021 0.031 0.014 0.003 0.009   
Al (M1) 0.339 0.331 0.342 0.364 0.354   
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000   
Fe3+ (M1) 0.058 0.097 0.047 0.027 0.037   
Fe2+ 0.127 0.078 0.137 0.149 0.143   
Mn 0.003 0.003 0.003 0.004 0.002   
Mg 0.528 0.528 0.519 0.510 0.513   
Ca 0.520 0.514 0.527 0.507 0.510   
K 0.000 0.001 0.000 0.001 0.001   
Na 0.407 0.430 0.407 0.420 0.418   
Li 0 0 0 0 0   
Zn 0.000 0.000 0.001 0.000 0.001   
Ni 0.000 0.000 0.000 0.001 0.001   
Cr 0.003 0.003 0.002 0.003 0.004   









 LOVEDALE         
 JAR 02023         
 eclogite          
 CPX1alt CPX1rim1 CPX1rim2 CPX2rim CPX2alt1 CPX2alt2 CPX3alt1 CPX4 mean sd 
SiO2 55.63 53.01 55.89 53.26 53.98 52.08 53.71 53.74 53.91 1.28 
TiO2 0.546 0.706 0.629 0.634 0.634 0.571 0.48 0.50 0.59 0.08 
Al2O3 3.84 6.85 8.7 6.86 3.89 5.86 5.84 4.12 5.75 1.73 
FeO 6.51 4.95 6.18 4.96 6.93 5.79 5.82 7.41 6.07 0.88 
MnO 0.157 0.081 0.085 0.121 0.157 0.112 0.099 0.25 0.13 0.06 
MgO 12.63 14.96 9.78 14.64 13.6 13.71 12.14 13.65 13.14 1.64 
CaO 18.02 16.46 13.76 16.5 19.39 14.46 17.19 17.30 16.64 1.82 
K2O 0.01 0.015 0.008 0 0 0.219 0 0.00 0.03 0.08 
Na2O 1.71 2.29 5.96 2.26 2.16 2.39 3.32 2.16 2.78 1.36 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.05 0.01 0.03 0.01 0.00 0.01 0.01 0.02 0.02 0.02 
NiO 0.01 0.04 0.02 0.00 0.00 0.01 0.01 0.02 0.01 0.01 
Cr2O3 0.15 0.14 0.11 0.10 0.09 0.09 0.11 0.13 0.12 0.02 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 99.267 99.515 101.15 99.349 100.827 95.298 98.731 99.296   
adjective 
aluminian   
sodian      
aluminian   
sodian                     
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian                     
aluminian   
sodian        
pyroxene augite augite omphacite augite augite augite omphacite augite   
           
Si 2.065 1.921 1.981 1.936 1.958 1.979 1.972 1.980   
Ti 0.015 0.019 0.017 0.017 0.017 0.016 0.013 0.014   
Al (T) 0.000 0.079 0.019 0.064 0.042 0.021 0.028 0.020   
Al (M1) 0.168 0.214 0.344 0.230 0.124 0.241 0.224 0.159   
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Fe3+ (M1) 0.000 0.000 0.048 0.000 0.033 0.000 0.011 0.000   
Fe2+ 0.202 0.150 0.135 0.151 0.178 0.184 0.168 0.228   
Mn 0.005 0.002 0.003 0.004 0.005 0.004 0.003 0.008   
Mg 0.699 0.808 0.517 0.793 0.735 0.777 0.664 0.750   
Ca 0.717 0.639 0.522 0.643 0.754 0.589 0.676 0.683   
K 0.000 0.001 0.000 0.000 0.000 0.011 0.000 0.000   
Na 0.123 0.161 0.410 0.159 0.152 0.176 0.236 0.154   
Li 0 0 0 0 0 0 0 0   
Zn 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000   
Ni 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000   
Cr 0.004 0.004 0.003 0.003 0.002 0.003 0.003 0.004   









 LOVEDALE          
 JAR 02153          
 ky eclogite          
 CPX1n1 CPX1n2 CPX1n3 CPX2n1 CPX2n2 CPX2n3 CPX3n1 CPX3n2 CPX3n3 mean sd 
SiO2 57.24 56.96 56.77 56.86 56.63 56.26 56.72 57.07 56.75 56.75 0.24 
TiO2 0.10 0.14 0.123 0.146 0.116 0.104 0.136 0.129 0.155 0.13 0.02 
Al2O3 13.28 13.28 13.29 13.25 13.19 13.36 13.14 13.13 13.21 13.23 0.08 
FeO 3.46 3.44 3.39 3.54 3.49 3.53 3.5 3.3 3.51 3.46 0.08 
MnO 0.01 0.02 0.046 0.049 0.055 0.105 0.063 0.067 0.08 0.06 0.03 
MgO 7.91 7.92 7.89 7.93 8 7.85 7.94 7.85 7.87 7.91 0.05 
CaO 13.39 13.33 13.27 13.36 13.41 13.47 13.41 13.33 13.51 13.39 0.08 
K2O 0.01 0.00 0 0 0.006 0.01 0 0.009 0 0.00 0.00 
Na2O 6.43 6.48 6.4 6.46 6.36 6.34 6.22 6.32 6.38 6.37 0.08 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.01 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.02 0.00 0.01 
NiO 0.05 0.08 0.01 0.05 0.05 0.04 0.00 0.00 0.03 0.03 0.03 
Cr2O3 0.04 0.07 0.05 0.05 0.05 0.05 0.06 0.05 0.04 0.05 0.01 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 101.927 101.714 101.243 101.713 101.355 101.117 101.187 101.251 101.545   
adjective                                                                                                                                          
pyroxene omphacite omphacite omphacite omphacite omphacite omphacite omphacite omphacite omphacite   
            
Si 1.999 1.992 1.995 1.989 1.988 1.980 1.997 2.007 1.990   
Ti 0.003 0.004 0.003 0.004 0.003 0.003 0.004 0.003 0.004   
Al (T) 0.001 0.008 0.005 0.011 0.012 0.020 0.003 0.000 0.010   
Al (M1) 0.545 0.539 0.545 0.535 0.534 0.535 0.542 0.544 0.536   
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Fe3+ (M1) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Fe2+ 0.101 0.101 0.100 0.104 0.102 0.104 0.103 0.097 0.103   
Mn 0.000 0.001 0.001 0.001 0.002 0.003 0.002 0.002 0.002   
Mg 0.412 0.413 0.413 0.414 0.419 0.412 0.417 0.412 0.411   
Ca 0.501 0.499 0.500 0.501 0.504 0.508 0.506 0.502 0.508   
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Na 0.435 0.439 0.436 0.438 0.433 0.433 0.425 0.431 0.434   
Li 0 0 0 0 0 0 0 0 0   
Zn 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000   
Ni 0.001 0.002 0.000 0.001 0.001 0.001 0.000 0.000 0.001   
Cr 0.001 0.002 0.001 0.001 0.001 0.001 0.002 0.001 0.001   






Table B.1 (continued) 320
 
  
 ROBERTS VICTOR              
 DEJ02               
 eclogite               
 CPX11c CPX12c CPX13b11 CPX21c CPX22c mean sd  CPX14b12 CPX15b21 CPX16b22 CPX23b CPX24b mean sd 
SiO2 55.44 55.77 55.72 55.8 55.4 55.63 0.19  51.98 49.18 52.21 53.81 53.4 43.46 21.26 
TiO2 0.38 0.38 0.354 0.322 0.331 0.35 0.03  0.571 0.338 0.281 0.357 0.36 0.38 0.11 
Al2O3 10.24 10.12 9.97 9.99 10.26 10.12 0.14  8.21 9.67 6.32 8.02 7.64 7.97 1.20 
FeO 3.12 3.09 3.02 3.09 3.16 3.10 0.05  4.46 6.45 4.81 3.73 3.49 4.59 1.17 
MnO 0.04 0.06 0.052 0.02 0.06 0.05 0.02  0.11 0.094 0.114 0.079 0.032 0.09 0.03 
MgO 10.19 10.21 10.13 10.16 10.2 10.18 0.03  12.65 11.9 14.37 12.64 12.91 12.89 0.91 
CaO 13.47 13.49 13.61 13.5 13.62 13.54 0.07  17.13 18.18 18.49 16.71 16.98 17.50 0.79 
K2O 0.11 0.12 0.118 0.131 0.133 0.12 0.01  0 0 0.008 0.124 0.037 0.03 0.05 
Na2O 6.00 5.85 5.82 5.89 5.93 5.90 0.07  3.34 2.65 2.38 3.91 3.75 3.21 0.67 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.03 0.00 0.02 0.06 0.00 0.02 0.02  0.00 0.00 0.02 0.01 0.02 0.01 0.01 
NiO 0.03 0.02 0.07 0.05 0.05 0.04 0.02  0.03 0.07 0.03 0.06 0.06 0.05 0.02 
Cr2O3 0.14 0.13 0.12 0.12 0.12 0.12 0.01  0.19 0.14 0.17 0.15 0.18 0.17 0.02 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 99.187 99.225 99.008 99.125 99.259    98.669 98.674 99.2 99.597 98.856   
adjective                                                                                                             
aluminian   
sodian                                      
pyroxene omphacite omphacite omphacite omphacite omphacite    omphacite omphacite augite omphacite omphacite   
                
Si 1.980 1.994 1.997 1.997 1.978    1.894 1.808 1.898 1.933 1.932   
Ti 0.010 0.010 0.010 0.009 0.009    0.016 0.009 0.008 0.010 0.010   
Al (T) 0.020 0.006 0.003 0.003 0.022    0.106 0.192 0.102 0.067 0.068   
Al (M1) 0.411 0.420 0.418 0.418 0.410    0.247 0.226 0.169 0.272 0.257   
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000    0.000 0.000 0.000 0.000 0.000   
Fe3+ (M1) 0.005 0.000 0.000 0.000 0.008    0.058 0.132 0.081 0.050 0.051   
Fe2+ 0.088 0.092 0.091 0.092 0.087    0.078 0.066 0.066 0.062 0.055   
Mn 0.001 0.002 0.002 0.001 0.002    0.003 0.003 0.004 0.002 0.001   
Mg 0.543 0.544 0.541 0.542 0.543    0.687 0.652 0.779 0.677 0.696   
Ca 0.515 0.517 0.523 0.518 0.521    0.669 0.716 0.720 0.643 0.658   
K 0.005 0.005 0.005 0.006 0.006    0.000 0.000 0.000 0.006 0.002   
Na 0.416 0.405 0.404 0.409 0.411    0.236 0.189 0.168 0.272 0.263   
Li 0 0 0 0 0    0 0 0 0 0   
Zn 0.001 0.000 0.001 0.001 0.000    0.000 0.000 0.001 0.000 0.000   
Ni 0.001 0.000 0.002 0.001 0.001    0.001 0.002 0.001 0.002 0.002   
Cr 0.004 0.004 0.003 0.003 0.003    0.005 0.004 0.005 0.004 0.005   









 ROBERTS VICTOR               
 DEJ03                
 eclogite                
 CPX11 CPX12 CPX21 CPX22 CPX24 CPX31 CPX32 mean sd  CPX13 CPX14 CPX23 CPX33 mean sd 
SiO2 55.65 55.47 55.47 55.52 54.43 54.63 54.87 55.15 0.49  53.35 53.82 53.15 53.71 53.51 0.31 
TiO2 0.30 0.35 0.376 0.348 0.317 0.328 0.348 0.34 0.02  0.324 0.382 0.251 0.372 0.33 0.06 
Al2O3 6.94 4.91 6.92 5.55 6.84 6.95 4.09 6.03 1.18  4.41 6.86 7.01 4.47 5.69 1.44 
FeO 5.19 5.38 5.13 5.3 5.31 5.39 5.42 5.30 0.11  5.96 6.06 6.11 5.89 6.01 0.10 
MnO 0.09 0.10 0.105 0.151 0.127 0.15 0.125 0.12 0.02  0.136 0.122 0.2 0.142 0.15 0.03 
MgO 12.95 12.55 12.73 12.85 13.26 12.9 13 12.89 0.22  14.5 15.42 14.5 15.29 14.93 0.50 
CaO 13.35 13.33 13.39 13.27 14.1 13.24 13.1 13.40 0.32  16.38 16.66 15.28 16.89 16.30 0.71 
K2O 0.10 0.14 0.106 0.135 0.087 0.121 0.121 0.11 0.02  0 0 0.01 0.01 0.01 0.01 
Na2O 4.83 4.89 4.78 4.96 4.71 4.89 4.93 4.86 0.09  2.92 2.74 3.34 2.51 2.88 0.35 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.01 0.03 0.03 0.00 0.02 0.02 0.03 0.02 0.01  0.03 0.02 0.02 0.00 0.02 0.01 
NiO 0.07 0.07 0.04 0.06 0.03 0.06 0.05 0.05 0.01  0.05 0.06 0.03 0.06 0.05 0.01 
Cr2O3 0.31 0.26 0.28 0.23 0.30 0.29 0.26 0.27 0.03  0.33 0.34 0.33 0.34 0.34 0.01 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 
Total 99.792 97.472 99.352 98.37 99.529 98.969 96.337    98.391 102.491 100.238 99.683   
adjective                                                                                                                            
aluminian   
sodian                     
aluminian   
sodian        
pyroxene omphacite omphacite omphacite omphacite omphacite omphacite omphacite    omphacite augite omphacite augite   
                 
Si 1.990 2.035 1.994 2.014 1.950 1.968 2.033    1.957 1.891 1.904 1.946   
Ti 0.008 0.010 0.010 0.009 0.009 0.009 0.010    0.009 0.010 0.007 0.010   
Al (T) 0.010 0.000 0.006 0.000 0.050 0.032 0.000    0.043 0.109 0.096 0.054   
Al (M1) 0.282 0.212 0.287 0.237 0.238 0.263 0.179    0.148 0.175 0.200 0.137   
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000 0.000 0.000    0.000 0.000 0.000 0.000   
Fe3+ (M1) 0.043 0.045 0.029 0.065 0.117 0.090 0.089    0.076 0.091 0.106 0.063   
Fe2+ 0.113 0.120 0.125 0.096 0.042 0.072 0.079    0.107 0.087 0.077 0.115   
Mn 0.003 0.003 0.003 0.005 0.004 0.005 0.004    0.004 0.004 0.006 0.004   
Mg 0.690 0.686 0.682 0.695 0.708 0.693 0.718    0.793 0.808 0.774 0.826   
Ca 0.511 0.524 0.516 0.516 0.541 0.511 0.520    0.644 0.627 0.586 0.656   
K 0.004 0.006 0.005 0.006 0.004 0.006 0.006    0.000 0.000 0.000 0.000   
Na 0.335 0.348 0.333 0.349 0.327 0.342 0.354    0.208 0.187 0.232 0.176   
Li 0 0 0 0 0 0 0    0 0 0 0   
Zn 0.000 0.001 0.001 0.000 0.000 0.001 0.001    0.001 0.001 0.001 0.000   
Ni 0.002 0.002 0.001 0.002 0.001 0.002 0.001    0.001 0.002 0.001 0.002   
Cr 0.009 0.007 0.008 0.006 0.008 0.008 0.008    0.010 0.010 0.009 0.010   









 ROBERTS VICTOR    
 DJ0285     
 eclogite     
 CPX1 CPX2 CPX3 mean sd 
SiO2 53.95 52.83 53.16 53.31 0.58 
TiO2 0.48 0.39 0.499 0.46 0.06 
Al2O3 5.35 6.62 5.66 5.88 0.66 
FeO 4.78 5.26 4.52 4.85 0.38 
MnO 0.11 0.08 0.081 0.09 0.02 
MgO 14.70 13.25 13.72 13.89 0.74 
CaO 18.69 17.31 17.63 17.88 0.72 
K2O 0.00 0.00 0 0.00 0.00 
Na2O 2.61 2.99 3.33 2.98 0.36 
Li2O 0.00 0.00 0.00 0.00 0.00 
ZnO 0.00 0.02 0.04 0.02 0.02 
NiO 0.09 0.05 0.05 0.06 0.02 
Cr2O3 0.18 0.11 0.12 0.14 0.04 
Sc2O3 0.00 0.00 0.00 0.00 0.00 
Total 100.941 98.9 98.806   
adjective aluminian sodian                                      
pyroxene augite omphacite omphacite   
      
Si 1.928 1.928 1.933   
Ti 0.013 0.011 0.014   
Al (T) 0.072 0.072 0.067   
Al (M1) 0.153 0.212 0.175   
Fe3+ (T) 0.000 0.000 0.000   
Fe3+ (M1) 0.068 0.047 0.096   
Fe2+ 0.074 0.114 0.042   
Mn 0.003 0.002 0.002   
Mg 0.783 0.721 0.744   
Ca 0.716 0.677 0.687   
K 0.000 0.000 0.000   
Na 0.181 0.212 0.235   
Li 0 0 0   
Zn 0.000 0.001 0.001   
Ni 0.002 0.001 0.001   
Cr 0.005 0.003 0.003   






Table B.1 (continued) 323
 
  
 ROBERTS VICTOR           
 DJ0287            
 eclogite            
 CPX11 CPX12 CPX21 CPX22 CPX31 CPX32 CPXinc1 CPXinc2 CPXinc6 CPXinc9 mean sd 
SiO2 52.07 52.06 52.1 52.64 52.06 52.07 51.99 52.04 52.35 50.78 52.02 0.48 
TiO2 0.32 0.339 0.323 0.278 0.379 0.338 0.363 0.364 0.319 0.354 0.34 0.03 
Al2O3 5.89 5.55 5.65 5.62 5.89 5.8 5.63 5.64 5.8 5.68 5.72 0.12 
FeO 5.95 5.84 5.69 5.89 5.73 5.73 5.87 5.71 6.05 5.77 5.82 0.12 
MnO 0.17 0.108 0.095 0.124 0.148 0.108 0.095 0.07 0.096 0.127 0.11 0.03 
MgO 12.64 12.74 12.64 12.64 12.63 12.85 13.19 12.87 12.92 12.63 12.78 0.18 
CaO 14.32 14.71 14.98 14.71 14.55 14.86 14.89 14.83 14.77 14.36 14.70 0.22 
K2O 0.10 0.135 0.14 0.138 0.16 0.124 0.129 0.12 0.091 0.136 0.13 0.02 
Na2O 4.58 4.55 4.34 4.49 4.56 4.41 4.34 4.3 4.57 4.59 4.47 0.11 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.00 0.00 0.01 0.03 0.03 0.00 0.00 0.00 0.00 0.04 0.01 0.01 
NiO 0.06 0.08 0.01 0.04 0.02 0.00 0.01 0.05 0.05 0.02 0.03 0.02 
Cr2O3 0.17 0.22 0.23 0.20 0.22 0.15 0.19 0.15 0.20 0.17 0.19 0.03 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 96.27 96.323 96.214 96.793 96.372 96.443 96.702 96.145 97.221 94.658   
adjective                                                                                                                                                         
pyroxene omphacite 
aegirine-






augite   
             
Si 1.933 1.932 1.938 1.946 1.930 1.929 1.921 1.936 1.924 1.914   
Ti 0.009 0.009 0.009 0.008 0.011 0.009 0.010 0.010 0.009 0.010   
Al (T) 0.067 0.068 0.062 0.054 0.070 0.071 0.079 0.064 0.076 0.086   
Al (M1) 0.191 0.174 0.186 0.191 0.188 0.183 0.166 0.183 0.175 0.166   
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Fe3+ (M1) 0.188 0.184 0.171 0.170 0.181 0.180 0.185 0.172 0.189 0.186   
Fe2+ 0.000 0.000 0.006 0.012 0.000 0.000 0.000 0.006 0.000 0.000   
Mn 0.005 0.003 0.003 0.004 0.005 0.003 0.003 0.002 0.003 0.004   
Mg 0.700 0.705 0.701 0.697 0.698 0.710 0.727 0.714 0.708 0.710   
Ca 0.570 0.585 0.597 0.583 0.578 0.590 0.590 0.591 0.582 0.580   
K 0.005 0.006 0.007 0.007 0.008 0.006 0.006 0.006 0.004 0.007   
Na 0.330 0.327 0.313 0.322 0.328 0.317 0.311 0.310 0.326 0.335   
Li 0 0 0 0 0 0 0 0 0 0   
Zn 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.001   
Ni 0.002 0.002 0.000 0.001 0.001 0.000 0.000 0.002 0.002 0.001   
Cr 0.005 0.006 0.007 0.006 0.006 0.004 0.006 0.004 0.006 0.005   






Table B.1 (continued) 324
 
  
 ROBERTS VICTOR            
 DJ0287             
 eclogite             
 CPXinc3 CPXinc4 CPXinc5 CPXinc7 CPXinc8 CPXinc10 mean sd  OPXinc11 OPXinc12 mean sd 
SiO2 49.62 50.96 47.04 50.35 50.19 50.82 49.83 1.45  49.82 48.87 49.35 0.67 
TiO2 0.197 0.318 0.257 0.423 0.365 0.301 0.31 0.08  0.18 0.205 0.19 0.02 
Al2O3 3.92 2.19 6.69 3.19 2.37 2.52 3.48 1.70  4.05 4.38 4.22 0.23 
FeO 8.52 7.1 8.54 6.43 6.56 6.73 7.31 0.97  16.61 16.38 16.50 0.16 
MnO 0.261 0.169 0.316 0.126 0.124 0.167 0.19 0.08  0.69 0.746 0.72 0.04 
MgO 15.17 16.33 13.22 14.36 15.67 16.1 15.14 1.18  24.57 24.7 24.64 0.09 
CaO 16.83 18.08 17.39 17.5 19.18 17.69 17.78 0.80  1.76 1.83 1.80 0.05 
K2O 0 0.006 0 0 0.013 0.023 0.01 0.01  0.00 0 0.00 0.00 
Na2O 1.82 1.58 1.9 2.43 1.236 1.8 1.79 0.39  0.03 0.084 0.06 0.04 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
ZnO 0.02 0.00 0.00 0.00 0.03 0.04 0.01 0.02  0.00 0.02 0.01 0.02 
NiO 0.00 0.06 0.03 0.04 0.03 0.02 0.03 0.02  0.02 0.00 0.01 0.02 
Cr2O3 0.18 0.27 0.20 0.17 0.19 0.24 0.21 0.04  0.14 0.18 0.16 0.03 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
Total 96.53 97.059 95.582 95.022 95.954 96.451    97.871 97.402   
adjective 
aluminian   
ferrian     
sodian      
    
ferrian     
sodian      
aluminian   
ferrian     
sodian      
aluminian   
ferrian     
sodian      
aluminian   
ferrian         
aluminian   
ferrian     
sodian         
aluminian   
ferrian         
aluminian   
ferrian           
pyroxene augite augite augite augite augite augite    enstatite enstatite   
              
Si 1.871 1.907 1.797 1.919 1.905 1.909    1.847 1.816   
Ti 0.006 0.009 0.007 0.012 0.010 0.009    0.005 0.006   
Al (T) 0.129 0.093 0.203 0.081 0.095 0.091    0.153 0.184   
Al (M1) 0.046 0.003 0.098 0.062 0.011 0.020    0.024 0.008   
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000 0.000    0.000 0.000   
Fe3+ (M1) 0.200 0.179 0.226 0.169 0.148 0.179    0.117 0.165   
Fe2+ 0.069 0.043 0.047 0.036 0.060 0.033    0.398 0.344   
Mn 0.008 0.005 0.010 0.004 0.004 0.005    0.022 0.023   
Mg 0.853 0.911 0.753 0.816 0.887 0.902    1.358 1.369   
Ca 0.680 0.725 0.712 0.715 0.780 0.712    0.070 0.073   
K 0.000 0.000 0.000 0.000 0.001 0.001    0.000 0.000   
Na 0.133 0.115 0.141 0.180 0.091 0.131    0.002 0.006   
Li 0 0 0 0 0 0    0 0   
Zn 0.000 0.000 0.000 0.000 0.001 0.001    0.000 0.001   
Ni 0.000 0.002 0.001 0.001 0.001 0.001    0.001 0.000   
Cr 0.005 0.008 0.006 0.005 0.006 0.007    0.004 0.005   









 ROBERTS VICTOR             
 R8A              
 garnet-clinopyroxenite             
 CPX11 CPX12 CPX21 CPX22 CPX31 CPX32 CXP4 CPX51 CPX52 CPX53 CPX61 CPX62 mean sd 
SiO2 55.03 54.28 54.5 54.89 55.29 55.06 54.59 54.16 54.25 54.14 54.31 54.38 54.57 0.40 
TiO2 0.215 0.252 0.27 0.253 0.207 0.209 0.25 0.25 0.256 0.241 0.199 0.179 0.23 0.03 
Al2O3 3.59 3.56 3.55 3.55 3.46 3.47 2.17 2.24 2.51 2.38 1.98 1.9 2.86 0.71 
FeO 2.54 2.5 2.43 2.62 2.56 2.48 3.07 2.97 2.53 2.63 3 2.81 2.68 0.22 
MnO 0.073 0.036 0.048 0.058 0.063 0.071 0.07 0.07 0.063 0.089 0.103 0.076 0.07 0.02 
MgO 15.97 16.03 15.99 15.77 15.67 15.68 16.75 16.62 16.65 16.85 16.6 17.08 16.31 0.50 
CaO 19.24 19.27 19.28 19.45 19.16 19.09 21.17 21.07 21.05 20.87 21.09 21.1 20.15 0.95 
K2O 0 0.01 0 0 0.014 0 0.01 0.02 0.01 0 0.007 0 0.01 0.01 
Na2O 2.66 2.63 2.61 2.64 2.59 2.62 1.51 1.47 1.64 1.56 1.38 1.316 2.05 0.60 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.01 0.00 0.04 0.01 0.01 0.01 0.02 0.04 0.04 0.01 0.03 0.00 0.02 0.01 
NiO 0.04 0.08 0.08 0.06 0.03 0.05 0.06 0.02 0.04 0.04 0.04 0.01 0.05 0.02 
Cr2O3 0.30 0.31 0.30 0.29 0.30 0.29 0.39 0.36 0.36 0.31 0.35 0.29 0.32 0.03 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 99.673 98.96 99.09 99.592 99.348 99.033 100.059 99.296 99.395 99.123 99.082 99.145   
adjective 
aluminian   
sodian      
aluminian   
sodian      
aluminian    
sodian      
aluminian    
sodian      
aluminian    
sodian      
aluminian   
sodian      
 chromian   
sodian      
 chromian    
sodian      
aluminian  
chromian   
sodian      
aluminian   
sodian                                      
pyroxene augite augite augite augite augite augite diopside diopside diopside augite diopside augite   
               
Si 1.975 1.960 1.967 1.973 1.994 1.991 1.969 1.968 1.964 1.965 1.980 1.977   
Ti 0.006 0.007 0.007 0.007 0.006 0.006 0.007 0.007 0.007 0.007 0.005 0.005   
Al (T) 0.025 0.040 0.033 0.027 0.006 0.009 0.031 0.032 0.036 0.035 0.020 0.023   
Al (M1) 0.127 0.112 0.118 0.124 0.141 0.139 0.061 0.064 0.071 0.067 0.065 0.058   
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Fe3+ (M1) 0.064 0.076 0.074 0.065 0.027 0.034 0.052 0.049 0.056 0.055 0.033 0.039   
Fe2+ 0.013 0.000 0.000 0.014 0.050 0.041 0.041 0.041 0.021 0.024 0.059 0.046   
Mn 0.002 0.001 0.001 0.002 0.002 0.002 0.002 0.002 0.002 0.003 0.003 0.002   
Mg 0.854 0.863 0.860 0.845 0.842 0.845 0.900 0.900 0.899 0.912 0.902 0.926   
Ca 0.740 0.746 0.745 0.749 0.740 0.740 0.818 0.820 0.817 0.812 0.824 0.822   
K 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000   
Na 0.185 0.184 0.183 0.184 0.181 0.184 0.106 0.104 0.115 0.110 0.098 0.093   
Li 0 0 0 0 0 0 0 0 0 0 0 0   
Zn 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.001 0.001 0.000 0.001 0.000   
Ni 0.001 0.002 0.002 0.002 0.001 0.002 0.002 0.001 0.001 0.001 0.001 0.000   
Cr 0.009 0.009 0.009 0.008 0.009 0.008 0.011 0.010 0.010 0.009 0.010 0.008   









 ROBERTS VICTOR       
 R8A        
 garnet-clinopyroxenite       
 CPX71 CPX72 CPX81 CPX82 CPX91 CPX92 mean sd 
SiO2 53.94 54.5 54.44 54.19 54.94 55.21 54.54 0.43 
TiO2 0 0 0.01 0.013 0.013 0.02 0.01 0.01 
Al2O3 24.27 24.53 23.81 23.87 24.07 23.7 24.04 0.29 
FeO 0.058 0.046 0.072 0.065 0.041 0.124 0.07 0.03 
MnO 0 0 0 0.025 0.061 0.02 0.02 0.02 
MgO 0 0 0.01 0.01 0 0.01 0.01 0.01 
CaO 0.05 0.04 0.069 0.119 0.054 0.05 0.06 0.03 
K2O 0.017 0.007 0.031 0.013 0.013 0.034 0.02 0.01 
Na2O 13.3 12.79 13.41 13.34 12.82 12.93 13.10 0.26 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.02 0.00 0.00 0.02 0.00 0.02 0.01 0.01 
NiO 0.03 0.00 0.02 0.00 0.01 0.03 0.01 0.01 
Cr2O3 0.00 0.02 0.06 0.02 0.02 0.01 0.02 0.02 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 91.685 91.93 91.928 91.689 92.045 92.151   
adjective                                                                                             
pyroxene jadeite jadeite jadeite jadeite jadeite jadeite   
         
Si 1.989 2.013 2.002 1.998 2.028 2.035   
Ti 0.000 0.000 0.000 0.000 0.000 0.001   
Al (T) 0.011 0.000 0.000 0.002 0.000 0.000   
Al (M1) 1.043 1.068 1.032 1.036 1.047 1.030   
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000 0.000   
Fe3+ (M1) 0.000 0.000 0.000 0.000 0.000 0.000   
Fe2+ 0.002 0.001 0.002 0.002 0.001 0.004   
Mn 0.000 0.000 0.000 0.001 0.002 0.001   
Mg 0.000 0.000 0.001 0.001 0.000 0.001   
Ca 0.002 0.002 0.003 0.005 0.002 0.002   
K 0.001 0.000 0.001 0.001 0.001 0.002   
Na 0.951 0.916 0.956 0.954 0.918 0.924   
Li 0 0 0 0 0 0   
Zn 0.001 0.000 0.000 0.001 0.000 0.000   
Ni 0.001 0.000 0.000 0.000 0.000 0.001   
Cr 0.000 0.000 0.002 0.001 0.001 0.000   










 ROBERTS VICTOR           
 R30            
 garnet-clinopyroxenite          
 CPX11 CPX12 CPX22 CPX31 CPX32 mean sd  CPX21 CPX4 mean sd 
SiO2 51.78 52.63 53.34 54.73 53.49 53.19 1.09  55.61 55.31 55.46 0.21 
TiO2 0.21 0.37 0.207 0.2 0.186 0.23 0.08  0.206 0.249 0.23 0.03 
Al2O3 4.94 3.34 4.11 2.68 4.19 3.85 0.87  7.7 8.46 8.08 0.54 
FeO 5.62 4.84 4 4.01 3.73 4.44 0.78  2.91 2.97 2.94 0.04 
MnO 0.13 0.05 0.053 0.133 0.053 0.08 0.05  0.036 0.017 0.03 0.01 
MgO 15.53 16.44 15.76 16.72 15.15 15.92 0.65  11.87 11.18 11.53 0.49 
CaO 19.48 21.15 20.68 18.31 20.49 20.02 1.13  16.57 15.75 16.16 0.58 
K2O 0.01 0.01 0.013 0 0 0.01 0.01  0.018 0 0.01 0.01 
Na2O 1.31 0.57 1.68 1.91 1.88 1.47 0.56  4.63 4.87 4.75 0.17 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
ZnO 0.02 0.00 0.02 0.00 0.00 0.01 0.01  0.01 0.03 0.02 0.02 
NiO 0.06 0.12 0.15 0.08 0.13 0.11 0.04  0.12 0.12 0.12 0.00 
Cr2O3 0.05 0.07 0.06 0.12 0.07 0.07 0.03  0.04 0.07 0.05 0.02 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
Total 99.14 99.586 100.071 98.894 99.367    99.727 99.026   
adjective aluminian   aluminian   
aluminian   
sodian      
aluminian   
sodian      
aluminian   
sodian                                         
pyroxene augite augite diopside augite diopside    omphacite omphacite   
             
Si 1.896 1.925 1.925 1.992 1.944    1.988 1.991   
Ti 0.006 0.010 0.006 0.005 0.005    0.006 0.007   
Al (T) 0.104 0.075 0.075 0.008 0.056    0.012 0.009   
Al (M1) 0.109 0.069 0.100 0.107 0.123    0.312 0.350   
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000    0.000 0.000   
Fe3+ (M1) 0.077 0.025 0.080 0.022 0.053    0.009 0.000   
Fe2+ 0.096 0.123 0.040 0.100 0.060    0.078 0.089   
Mn 0.004 0.001 0.002 0.004 0.002    0.001 0.001   
Mg 0.848 0.896 0.848 0.907 0.821    0.633 0.600   
Ca 0.764 0.829 0.800 0.714 0.798    0.635 0.607   
K 0.001 0.001 0.001 0.000 0.000    0.001 0.000   
Na 0.093 0.040 0.118 0.135 0.132    0.321 0.340   
Li 0 0 0 0 0    0 0   
Zn 0.001 0.000 0.001 0.000 0.000    0.000 0.001   
Ni 0.002 0.004 0.004 0.002 0.004    0.004 0.003   
Cr 0.001 0.002 0.002 0.003 0.002    0.001 0.002   









 KIMBERLEY             
 DJ0295              
 garnet-clinopyroxenite            
 CPX11 CPX12 CPX21 CPX22 CPX31 CPX32 CPXinc1 mean sd  CPX33 CPX34 mean sd 
SiO2 51.25 51.07 51.12 50.83 50.68 50.17 50.69 50.83 0.36  50.66 49.33 50.00 0.94 
TiO2 0.26 0.226 0.253 0.261 0.311 0.265 0.22 0.26 0.03  0.257 0.353 0.31 0.07 
Al2O3 5.78 5.87 5.76 5.73 5.67 5.78 5.82 5.77 0.06  1.856 2.78 2.32 0.65 
FeO 4.99 4.84 4.86 4.99 4.84 4.98 4.83 4.90 0.08  4.21 5.57 4.89 0.96 
MnO 0.09 0.101 0.121 0.096 0.062 0.06 0.03 0.08 0.03  0.125 0.221 0.17 0.07 
MgO 12.21 12.38 12.24 12.31 12.34 12.23 12.29 12.29 0.06  15.83 15.5 15.67 0.23 
CaO 17.59 17.81 17.82 17.78 17.9 17.76 17.91 17.80 0.11  20.49 20.89 20.69 0.28 
K2O 0.01 0 0.007 0.009 0 0.013 0.01 0.01 0.01  0.007 0 0.00 0.00 
Na2O 4.09 4.09 4.09 4.16 4.06 4.06 3.95 4.07 0.06  1.67 1.034 1.35 0.45 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
ZnO 0.01 0.04 0.02 0.01 0.02 0.00 0.02 0.02 0.01  0.04 0.00 0.02 0.03 
NiO 0.00 0.03 0.01 0.02 0.03 0.00 0.00 0.01 0.01  0.00 0.03 0.01 0.02 
Cr2O3 0.13 0.12 0.15 0.13 0.17 0.13 0.18 0.14 0.02  0.21 0.06 0.13 0.11 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 
Total 96.404 96.572 96.45 96.33 96.075 95.447 95.944    95.359 95.764   
adjective                                                                                                             
ferrian     
sodian     
aluminian   













augite    augite augite   
               
Si 1.905 1.893 1.899 1.889 1.889 1.882 1.893    1.918 1.874   
Ti 0.007 0.006 0.007 0.007 0.009 0.007 0.006    0.007 0.010   
Al (T) 0.095 0.107 0.101 0.111 0.111 0.118 0.107    0.082 0.124   
Al (M1) 0.158 0.150 0.151 0.140 0.138 0.137 0.149    0.001 0.000   
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000 0.000 0.000    0.000 0.001   
Fe3+ (M1) 0.158 0.153 0.154 0.158 0.154 0.160 0.154    0.135 0.178   
Fe2+ 0.000 0.000 0.000 0.000 0.000 0.000 0.000    0.000 0.000   
Mn 0.003 0.003 0.004 0.003 0.002 0.002 0.001    0.004 0.007   
Mg 0.677 0.684 0.678 0.682 0.686 0.684 0.684    0.893 0.878   
Ca 0.701 0.707 0.709 0.708 0.715 0.714 0.717    0.831 0.850   
K 0.001 0.000 0.000 0.000 0.000 0.001 0.001    0.000 0.000   
Na 0.295 0.294 0.295 0.300 0.293 0.295 0.286    0.123 0.076   
Li 0 0 0 0 0 0 0    0 0   
Zn 0.000 0.001 0.001 0.000 0.000 0.000 0.000    0.001 0.000   
Ni 0.000 0.001 0.000 0.001 0.001 0.000 0.000    0.000 0.001   
Cr 0.004 0.003 0.004 0.004 0.005 0.004 0.005    0.006 0.002   









 KIMBERLEY      
 DJ0296       
 garnet-clinopyroxenite     
 CPX11 CPX12 CPX2 CPX31 CPX32 mean sd 
SiO2 52.13 51.64 52.02 52.83 52.23 52.17 0.43 
TiO2 0.18 0.20 0.206 0.174 0.222 0.20 0.02 
Al2O3 3.35 3.75 3.29 3.37 3.59 3.47 0.19 
FeO 5.30 5.08 5.28 5.35 5.21 5.24 0.10 
MnO 0.06 0.10 0.118 0.049 0.072 0.08 0.03 
MgO 14.20 13.85 14.06 14.22 13.94 14.05 0.16 
CaO 18.96 18.68 18.87 19.1 18.88 18.90 0.15 
K2O 0.01 0.00 0 0 0 0.00 0.01 
Na2O 2.94 3.07 2.98 2.97 3.06 3.00 0.06 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.00 0.02 0.00 0.00 0.00 0.00 0.01 
NiO 0.00 0.03 0.00 0.04 0.01 0.02 0.02 
Cr2O3 0.15 0.17 0.19 0.16 0.16 0.16 0.01 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 97.282 96.585 97.01 98.255 97.375   











augite   
        
Si 1.930 1.925 1.933 1.938 1.932   
Ti 0.005 0.006 0.006 0.005 0.006   
Al (T) 0.070 0.075 0.067 0.062 0.068   
Al (M1) 0.077 0.089 0.077 0.084 0.089   
Fe3+ (T) 0.000 0.000 0.000 0.000 0.000   
Fe3+ (M1) 0.167 0.161 0.167 0.167 0.164   
Fe2+ 0.000 0.000 0.000 0.000 0.000   
Mn 0.002 0.003 0.004 0.002 0.002   
Mg 0.784 0.770 0.779 0.778 0.769   
Ca 0.752 0.746 0.751 0.751 0.748   
K 0.001 0.000 0.000 0.000 0.000   
Na 0.211 0.222 0.215 0.211 0.219   
Li 0 0 0 0 0   
Zn 0.000 0.001 0.000 0.000 0.000   
Ni 0.000 0.001 0.000 0.001 0.000   
Cr 0.004 0.005 0.005 0.005 0.005   






Table B.1 (continued) 330
 
  
 BULTFONTEIN           
 713            
 garnet-websterite           
 CPX1 CPX2 CPX3 CPX4 mean sd  CPX5 CPX6 CPX7 mean sd 
SiO2 52.85 52.88 53.49 53.09 53.08 0.30  51.78 51.77 51.79 51.78 0.01 
TiO2 0.173 0.228 0.178 0.198 0.19 0.02  0.945 1.008 0.765 0.91 0.13 
Al2O3 2.84 2.93 2.86 2.89 2.88 0.04  1.93 1.867 1.761 1.85 0.09 
FeO 2.43 2.32 2.45 2.45 2.41 0.06  3.56 3.35 3.3 3.40 0.14 
MnO 0.087 0.026 0.058 0.066 0.06 0.03  0.094 0.115 0.146 0.12 0.03 
MgO 15.4 15.36 15.51 15.28 15.39 0.10  17.74 17.54 17.58 17.62 0.11 
CaO 20.09 20.02 20.02 20.26 20.10 0.11  19.82 19.77 20.08 19.89 0.17 
K2O 0 0 0 0 0.00 0.00  0.023 0 0.01 0.01 0.01 
Na2O 2.41 2.54 2.53 2.44 2.48 0.06  1.142 1.155 1.11 1.14 0.02 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 
ZnO 0.00 0.04 0.00 0.02 0.01 0.02  0.00 0.00 0.03 0.01 0.02 
NiO 0.08 0.06 0.06 0.03 0.06 0.02  0.04 0.02 0.04 0.03 0.01 
Cr2O3 1.49 1.50 1.41 1.36 1.44 0.07  0.43 0.51 0.87 0.61 0.23 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 
Total 97.847 97.905 98.567 98.075    97.508 97.106 97.482   
adjective 
aluminian  
chromian    
sodian      
aluminian  
chromian    
sodian      
aluminian  
chromian    
sodian      
aluminian  
chromian    
sodian         
  
chromian  
ferrian        
  
chromian   
  
chromian     
pyroxene diopside diopside diopside diopside    augite augite augite   
             
Si 1.943 1.940 1.950 1.947    1.916 1.924 1.919   
Ti 0.005 0.006 0.005 0.005    0.026 0.028 0.021   
Al (T) 0.057 0.060 0.050 0.053    0.084 0.076 0.077   
Al (M1) 0.066 0.067 0.073 0.072    0.000 0.006 0.000   
Fe3+ (T) 0.000 0.000 0.000 0.000    0.000 0.000 0.004   
Fe3+ (M1) 0.075 0.072 0.075 0.076    0.102 0.082 0.093   
Fe2+ 0.000 0.000 0.000 0.000    0.008 0.023 0.005   
Mn 0.003 0.001 0.002 0.002    0.003 0.004 0.005   
Mg 0.844 0.840 0.843 0.835    0.978 0.972 0.971   
Ca 0.791 0.787 0.782 0.796    0.786 0.787 0.797   
K 0.000 0.000 0.000 0.000    0.001 0.000 0.000   
Na 0.172 0.181 0.179 0.173    0.082 0.083 0.080   
Li 0 0 0 0    0 0 0   
Zn 0.000 0.001 0.000 0.000    0.000 0.000 0.001   
Ni 0.002 0.002 0.002 0.001    0.001 0.001 0.001   
Cr 0.043 0.044 0.041 0.039    0.013 0.015 0.026   









 BULTFONTEIN             
 713       B21        
 garnet-websterite      garnet-websterite       
 OPX11 OPX12 OPX21 OPX22 mean sd  CPX11 CPX12 CPX21 CPX22 CPX31 CPX32 mean sd 
SiO2 55.56 56.16 55.44 56.11 55.82 0.37  54.06 54.09 54.23 54.6 54.21 54.05 54.21 0.21 
TiO2 0.069 0.046 0.041 0.056 0.05 0.01  0.20 0.24 0.221 0.218 0.218 0.194 0.22 0.02 
Al2O3 0.75 0.767 0.956 0.76 0.81 0.10  2.59 2.59 2.64 2.68 2.51 2.43 2.57 0.09 
FeO 4.96 5.19 4.84 5 5.00 0.15  3.46 3.43 3.36 3.44 3.54 3.37 3.43 0.07 
MnO 0.094 0.132 0.088 0.105 0.10 0.02  0.02 0.15 0.121 0.083 0.072 0.107 0.09 0.04 
MgO 35.76 35.49 35.13 36.4 35.70 0.54  15.32 15.08 15.09 15.25 15.18 15.37 15.22 0.12 
CaO 0.251 0.275 0.252 0.258 0.26 0.01  18.76 18.82 18.57 18.9 18.97 19.12 18.86 0.19 
K2O 0 0 0.01 0 0.00 0.01  0.00 0.00 0 0.011 0 0 0.00 0.00 
Na2O 0.034 0.093 0.075 0.064 0.07 0.02  2.77 2.80 2.87 2.71 2.62 2.55 2.72 0.12 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.00 0.03 0.00 0.01 0.01 0.01  0.06 0.02 0.00 0.01 0.00 0.00 0.02 0.02 
NiO 0.07 0.10 0.07 0.12 0.09 0.02  0.06 0.05 0.04 0.05 0.09 0.11 0.07 0.03 
Cr2O3 0.18 0.17 0.19 0.17 0.18 0.01  2.23 2.20 2.15 2.17 2.18 2.15 2.18 0.03 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 97.73 98.446 97.093 99.053    99.536 99.458 99.293 100.13 99.591 99.452   
adjective                                                 ferrian     
 aluminian  
chromian      
sodian       chromian            
  
chromian     
aluminian  
chromian    
sodian      
aluminian  
chromian    
sodian      
aluminian  
chromian    
sodian        
pyroxene enstatite enstatite enstatite enstatite    augite aegirine-augite omphacite augite augite augite   
Si 1.940 1.951 1.950 1.931    1.960 1.964 1.970 1.969 1.968 1.964   
Ti 0.002 0.001 0.001 0.001    0.005 0.007 0.006 0.006 0.006 0.005   
Al (T) 0.031 0.031 0.040 0.031    0.040 0.036 0.030 0.031 0.032 0.036   
Al (M1) 0.000 0.000 0.000 0.000    0.070 0.075 0.083 0.083 0.075 0.068   
Fe3+ (T) 0.029 0.018 0.010 0.038    0.000 0.000 0.000 0.000 0.000 0.000   
Fe3+ (M1) 0.054 0.049 0.048 0.066    0.090 0.082 0.075 0.063 0.067 0.076   
Fe2+ 0.062 0.084 0.084 0.040    0.015 0.022 0.027 0.040 0.041 0.026   
Mn 0.003 0.004 0.003 0.003    0.001 0.004 0.004 0.003 0.002 0.003   
Mg 1.861 1.838 1.842 1.868    0.828 0.816 0.817 0.820 0.822 0.832   
Ca 0.009 0.010 0.009 0.010    0.729 0.732 0.723 0.730 0.738 0.744   
K 0.000 0.000 0.000 0.000    0.000 0.000 0.000 0.001 0.000 0.000   
Na 0.002 0.006 0.005 0.004    0.195 0.197 0.202 0.190 0.184 0.180   
Li 0 0 0 0    0 0 0 0 0 0   
Zn 0.000 0.001 0.000 0.000    0.002 0.000 0.000 0.000 0.000 0.000   
Ni 0.002 0.003 0.002 0.003    0.002 0.001 0.001 0.002 0.003 0.003   
Cr 0.005 0.005 0.005 0.005    0.064 0.063 0.062 0.062 0.063 0.062   






Table B.1 (continued) 332
 
  
 BULTFONTEIN        
 B21         
 garnet-websterite        
 OPX11 OPX12 OPX2 OPX31 OPX32 OPX41 OPX42 mean sd 
SiO2 56.78 56.25 57.13 56.72 56.45 56.44 56.81 56.65 0.29 
TiO2 0.066 0.097 0.057 0.112 0.091 0.12 0.079 0.09 0.02 
Al2O3 0.645 0.7 0.73 0.721 0.693 0.641 0.678 0.69 0.03 
FeO 7.22 7.12 7.4 7.15 7.25 7.17 7.19 7.21 0.09 
MnO 0.193 0.144 0.151 0.197 0.176 0.169 0.135 0.17 0.02 
MgO 34.14 34.23 33.87 34.12 34.19 34.22 34.49 34.18 0.18 
CaO 0.352 0.319 0.347 0.376 0.343 0.328 0.323 0.34 0.02 
K2O 0.007 0 0.01 0 0.011 0 0 0.00 0.01 
Na2O 0.089 0.094 0.135 0.136 0.13 0.108 0.099 0.11 0.02 
Li2O 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
ZnO 0.05 0.04 0.03 0.00 0.00 0.00 0.01 0.02 0.02 
NiO 0.11 0.11 0.11 0.12 0.14 0.11 0.15 0.12 0.02 
Cr2O3 0.28 0.30 0.32 0.30 0.26 0.00 0.25 0.24 0.11 
Sc2O3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Total 99.926 99.415 100.286 99.95 99.739 99.303 100.212   
adjective                                                                                                            
pyroxene enstatite enstatite enstatite enstatite enstatite enstatite enstatite   
          
Si 1.965 1.954 1.973 1.962 1.955 1.962 1.958   
Ti 0.002 0.003 0.001 0.003 0.002 0.003 0.002   
Al (T) 0.026 0.029 0.027 0.029 0.028 0.026 0.028   
Al (M1) 0.000 0.000 0.002 0.000 0.000 0.000 0.000   
Fe3+ (T) 0.009 0.017 0.000 0.009 0.016 0.012 0.015   
Fe3+ (M1) 0.030 0.039 0.023 0.033 0.042 0.039 0.038   
Fe2+ 0.170 0.151 0.191 0.164 0.152 0.157 0.155   
Mn 0.006 0.004 0.004 0.006 0.005 0.005 0.004   
Mg 1.761 1.773 1.743 1.759 1.766 1.773 1.772   
Ca 0.013 0.012 0.013 0.014 0.013 0.012 0.012   
K 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
Na 0.006 0.006 0.009 0.009 0.009 0.007 0.007   
Li 0 0 0 0 0 0 0   
Zn 0.001 0.001 0.001 0.000 0.000 0.000 0.000   
Ni 0.003 0.003 0.003 0.003 0.004 0.003 0.004   
Cr 0.008 0.008 0.009 0.008 0.007 0.000 0.007   






Table B.1 (continued) 333
 
  
 MALAITA        
 RG01 garnet-clinopyroxenite      
 GT11 GT12 GT2 GT31 GT32 GT4 mean sd 
SiO2 41.610 41.460 41.210 40.780 42.050 41.710 41.47 0.44 
TiO2 0.493 0.477 0.486 0.508 0.520 0.512 0.50 0.02 
Al2O3 22.500 21.860 22.690 22.430 22.420 22.820 22.45 0.33 
FeO 9.170 9.560 9.300 9.260 9.420 9.160 9.31 0.15 
MnO 0.297 0.278 0.260 0.274 0.258 0.306 0.28 0.02 
MgO 20.210 19.670 20.440 20.060 20.320 20.450 20.19 0.29 
CaO 4.680 4.620 4.800 4.610 4.660 4.600 4.66 0.07 
Na2O 0.080 0.025 0.047 0.035 0.049 0.031 0.04 0.02 
K2O 0.000 0.000 0.009 0.000 0.000 0.015 0.00 0.01 
ZnO 0.017 0.026 0.000 0.010 0.020 0.000 0.01 0.01 
Cr2O3 0.529 0.508 0.519 0.540 0.476 0.522 0.52 0.02 
NiO 0.000 0.025 0.000 0.000 0.000 0.010 0.01 0.01 
Total   99.64 98.58 99.84 98.55 100.24 100.17   
Mg# 79.71 78.57 79.66 79.43 79.36 79.92 79.44 0.47 
         
Si 2.97 3.00 2.94 2.95 2.99 2.96   
Aliv 0.03 0.00 0.06 0.05 0.01 0.04   
Alvi 1.88 1.87 1.86 1.87 1.87 1.88   
Ti 0.03 0.03 0.03 0.03 0.03 0.03   
Cr 0.03 0.03 0.03 0.03 0.03 0.03   
Fe3+ 0.06 0.07 0.08 0.07 0.07 0.06   
Fe2+ 0.49 0.51 0.48 0.49 0.49 0.49   
Mn 0.02 0.02 0.02 0.02 0.02 0.02   
Mg 2.15 2.12 2.18 2.16 2.15 2.17   
Ni 0.00 0.00 0.00 0.00 0.00 0.00   
Zn 0.00 0.00 0.00 0.00 0.00 0.00   
Ca 0.36 0.36 0.37 0.36 0.35 0.35   
Total 8.01 8.00 8.03 8.02 8.01 8.02   
         
Almandine 14.94 15.14 13.05 13.99 14.74 14.47 14.39 0.77 
Andradite 3.06 3.48 3.85 3.35 3.45 2.88 3.35 0.34 
Grossular 7.48 7.21 7.13 7.20 7.19 7.45 7.28 0.15 
Pyrope 72.40 72.10 73.94 73.33 72.75 73.09 72.93 0.66 
Spessartine 0.60 0.58 0.53 0.57 0.52 0.62 0.57 0.04 
Uvarovite 1.51 1.48 1.49 1.57 1.36 1.48 1.48 0.07 
         
Classification 









 KAKANUI           
 109647-7 garnet-clinopyroxenite          
 GT11c GT12b GT21c GT22b GT3 GT41c GT42b GT51m GT52b GT6 mean sd 
SiO2 41.67 42.05 42.63 41.78 42.24 42.19 42.59 42.57 42.6 42.63 42.30 0.37 
TiO2 0.2 0.254 0.279 0.257 0.236 0.243 0.259 0.257 0.279 0.23 0.25 0.02 
Al2O3 22.51 22.37 22.35 22.2 22.64 22.75 22.8 23.25 22.76 22.75 22.64 0.30 
FeO 16.34 16.56 16.41 16.18 16.31 16.58 16.22 16.55 16.56 16.45 16.42 0.15 
MnO 0.522 0.508 0.432 0.536 0.415 0.44 0.446 0.472 0.547 0.493 0.48 0.05 
MgO 14.56 14.83 14.76 14.58 14.73 14.84 14.63 14.94 14.33 14.75 14.70 0.18 
CaO 5.14 5.19 5.14 5.03 5.29 5.29 5.08 5.17 5.29 5.12 5.17 0.09 
Na2O 0.044 0.031 0.041 0.03 0.036 0.015 0 0.053 0.024 0.032 0.03 0.02 
K2O 0 0 0 0 0 0.007 0.01 0 0.011 0.017 0.00 0.01 
ZnO 0 0 0.015 0 0.032 0 0 0.048 0 0 0.01 0.02 
Cr2O3 0.027 0.047 0.118 0.15 0.036 0.055 0 0.062 0.083 0.079 0.07 0.04 
NiO 0.012 0 0.009 0.012 0 0 0.019 0.033 0 0 0.01 0.01 
Total   101.08 101.88 102.21 100.81 101.97 102.46 102.09 103.43 102.54 102.62   
Mg# 61.36 61.48 61.59 61.63 61.68 61.47 61.59 61.67 60.67 61.51 61.47 0.30 
             
Si 3.03 3.03 3.06 3.05 3.04 3.03 3.06 3.02 3.06 3.05   
Aliv 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Alvi 1.93 1.91 1.89 1.91 1.92 1.93 1.93 1.95 1.92 1.92   
Ti 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.01   
Cr 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00   
Fe3+ 0.02 0.04 0.02 0.02 0.02 0.03 0.00 0.01 0.00 0.01   
Fe2+ 0.97 0.96 0.96 0.97 0.96 0.97 0.98 0.97 0.99 0.97   
Mn 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03   
Mg 1.58 1.60 1.58 1.58 1.58 1.59 1.57 1.58 1.53 1.57   
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Ca 0.40 0.40 0.40 0.39 0.41 0.41 0.39 0.39 0.41 0.39   
Total 7.98 7.98 7.97 7.97 7.98 7.98 7.96 7.98 7.96 7.97   
             
Almandine 31.33 30.47 30.46 30.79 30.86 31.07 31.46 31.81 31.86 31.18 31.13 0.50 
Andradite 1.09 1.99 1.07 1.06 0.98 1.39 0.00 0.45 0.02 0.52 0.86 0.62 
Grossular 12.51 11.63 12.32 12.02 12.93 12.33 13.50 12.76 13.78 12.78 12.66 0.65 
Pyrope 53.90 54.70 54.89 54.54 54.26 54.15 54.10 53.84 52.94 54.25 54.16 0.54 
Spessartine 1.10 1.06 0.91 1.14 0.87 0.91 0.94 0.97 1.15 1.03 1.01 0.10 
Uvarovite 0.08 0.14 0.35 0.45 0.11 0.16 0.00 0.18 0.24 0.23 0.19 0.13 































 KAKANUI           
 109647-7 garnet-clinopyroxenite           
 MGT11c MGT12b MGT21c MGT22b MGT23b MGT31c MGT32b MGT41c MGT42b MGT51c MGT52b mean sd 
SiO2 42.91 42.59 43.75 43.58 42.81 42.14 40.91 42.08 41.75 41.21 42.13 42.35 0.89 
TiO2 5.44 5.52 5.5 5.6 5.57 5.2 5.26 5.52 5.42 5.19 5.16 5.40 0.16 
Al2O3 13.52 13.69 13.68 13.47 13.6 13.87 13.41 13.61 13.52 13.8 13.86 13.64 0.16 
FeO 10.35 10.31 10.29 9.97 10.36 9.65 9.56 10.99 10.81 10 10.1 10.22 0.43 
MnO 0.07 0.107 0.123 0.102 0.093 0.097 0.092 0.149 0.142 0.101 0.135 0.11 0.02 
MgO 12.26 12.4 11.97 12.45 12.21 12.47 12.2 11.52 11.73 12.26 12.12 12.14 0.30 
CaO 8.65 8.79 8.75 8.83 8.72 8.64 8.7 8.65 8.6 8.54 8.59 8.68 0.09 
Na2O 3.9 3.91 3.93 3.91 3.79 3.81 3.88 3.88 4.06 3.88 3.94 3.90 0.07 
K2O 0.861 0.927 0.829 0.824 0.816 0.837 0.851 0.847 0.837 0.87 0.846 0.85 0.03 
ZnO 0.009 0.021 0.065 0.01 0 0 0 0.026 0.019 0.046 0.023 0.02 0.02 
Cr2O3 0.034 0.039 0.066 0.036 0.048 0.061 0.049 0.031 0.045 0.035 0.014 0.04 0.01 
NiO 0.029 0.025 0.028 0.045 0.04 0.049 0.027 0.029 0.038 0.024 0.032 0.03 0.01 
Total   98.09 98.38 99.02 98.88 98.13 96.87 94.94 97.38 97.07 96.05 97.01   
Mg# 67.86 68.19 67.46 69.00 67.75 69.73 69.46 65.14 65.92 68.61 68.14 67.93 1.39 
              
Si 3.32 3.30 3.35 3.34 3.31 3.30 3.28 3.30 3.29 3.27 3.30   
Aliv 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Alvi 1.24 1.25 1.24 1.22 1.25 1.28 1.27 1.26 1.26 1.30 1.29   
Ti 0.32 0.32 0.32 0.32 0.32 0.31 0.32 0.33 0.32 0.31 0.30   
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Fe3+ 0.10 0.11 0.07 0.10 0.10 0.09 0.11 0.09 0.11 0.11 0.09   
Fe2+ 0.57 0.56 0.59 0.54 0.57 0.54 0.53 0.63 0.61 0.56 0.57   
Mn 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01   
Mg 1.42 1.43 1.37 1.42 1.41 1.45 1.46 1.35 1.38 1.45 1.42   
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Ca 0.72 0.73 0.72 0.73 0.72 0.72 0.75 0.73 0.73 0.73 0.72   
Total 7.69 7.71 7.68 7.68 7.70 7.71 7.72 7.70 7.71 7.73 7.71   
              
Almandine 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Andradite 7.54 8.07 5.56 7.41 7.35 6.78 8.20 6.88 7.71 7.61 6.57 7.24 0.76 
Grossular 21.50 21.34 24.28 20.06 22.16 22.18 21.03 26.14 24.26 22.82 24.09 22.72 1.80 
Pyrope 70.57 70.07 69.45 72.02 69.97 70.46 70.24 66.35 67.36 69.09 68.84 69.49 1.57 
Spessartine 0.23 0.34 0.41 0.34 0.30 0.31 0.30 0.49 0.46 0.32 0.44 0.36 0.08 
Uvarovite 0.16 0.18 0.30 0.17 0.22 0.27 0.22 0.14 0.21 0.16 0.06 0.19 0.07 

































 HAWAII             
 114762-1 garnet-clinopyroxenite           
 GT11m GT12b GT21m GT22b GT31c GT32m GT33b GT41 GT42 GT51 GT52 mean sd 
SiO2 43.10 42.68 42.42 43.21 43.27 43.62 43.40 43.48 42.42 42.96 43.02 43.05 0.41 
TiO2 0.225 0.193 0.236 0.231 0.257 0.21 0.244 0.216 0.219 0.237 0.204 0.22 0.02 
Al2O3 23.43 23.12 23.13 22.84 23.08 23.14 23.00 21.13 23.19 23.04 23.40 22.95 0.63 
FeO 13.20 13.12 13.01 13.07 12.84 12.69 12.64 13.34 12.75 12.55 12.92 12.92 0.25 
MnO 0.387 0.392 0.403 0.405 0.411 0.408 0.460 0.400 0.352 0.326 0.370 0.39 0.03 
MgO 17.29 17.26 17.27 17.41 17.59 17.32 17.21 20.18 17.44 17.28 17.55 17.62 0.86 
CaO 5.38 5.39 5.11 5.32 5.41 5.35 5.41 3.39 5.12 5.19 5.18 5.11 0.58 
Na2O 0.041 0.024 0.027 0.000 0.026 0.014 0.037 0.022 0.048 0.000 0.025 0.02 0.02 
K2O 0.016 0.000 0.008 0.017 0.000 0.000 0.000 0.007 0.011 0.000 0.014 0.01 0.01 
ZnO 0.000 0.000 0.020 0.000 0.000 0.019 0.007 0.000 0.000 0.000 0.044 0.01 0.01 
Cr2O3 0.218 0.228 0.169 0.190 0.238 0.238 0.239 0.162 0.116 0.122 0.133 0.19 0.05 
NiO 0.000 0.000 0.000 0.020 0.000 0.050 0.000 0.000 0.000 0.028 0.000 0.01 0.02 
Total   103.33 102.43 101.85 102.73 103.16 103.12 102.68 102.36 101.75 101.81 102.90   
Mg# 70.01 70.10 70.29 70.36 70.95 70.87 70.82 72.95 70.91 71.05 70.77 70.83 0.79 
              
Si 3.02 3.02 3.01 3.04 3.03 3.05 3.05 3.05 3.01 3.04 3.02   
Aliv 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Alvi 1.94 1.93 1.94 1.90 1.91 1.91 1.91 1.76 1.94 1.93 1.94   
Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01   
Cr 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01   
Fe3+ 0.02 0.03 0.02 0.04 0.03 0.01 0.01 0.15 0.02 0.01 0.02   
Fe2+ 0.76 0.75 0.75 0.73 0.72 0.73 0.73 0.63 0.74 0.73 0.74   
Mn 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02   
Mg 1.81 1.82 1.83 1.83 1.84 1.81 1.80 2.11 1.85 1.83 1.84   
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Ca 0.40 0.41 0.39 0.40 0.41 0.40 0.41 0.25 0.39 0.39 0.39   
Total 7.99 7.99 7.99 7.98 7.98 7.97 7.97 8.00 7.99 7.97 7.99   
              
Almandine 24.22 23.77 24.08 22.66 22.49 22.96 22.73 16.57 23.59 23.10 23.66 22.71 2.12 
Andradite 0.87 1.48 1.14 1.85 1.60 0.51 0.63 8.00 1.09 0.50 1.01 1.70 2.13 
Grossular 12.22 11.70 11.55 11.38 11.61 12.66 12.75 0.43 11.76 12.68 11.85 10.96 3.53 
Pyrope 61.29 61.60 61.93 62.73 62.80 62.36 62.26 73.70 62.50 62.69 62.36 63.29 3.49 
Spessartine 0.78 0.79 0.82 0.83 0.83 0.83 0.95 0.83 0.72 0.67 0.75 0.80 0.07 
Uvarovite 0.61 0.65 0.48 0.54 0.68 0.68 0.69 0.47 0.33 0.35 0.38 0.53 0.14 

































 HAWAII              
 114694-17 garnet-clinopyroxenite              
 GT11c GT12b GT21c GT22b GT2rim1 GT2rim2 GT31c GT32b GT3rim1 GT3rim2 GT41m GT42b GT4rim1 GT4rim2 mean sd 
SiO2 43.15 43.08 43.29 43.36 42.74 42.95 43.26 42.92 42.33 43.05 42.73 43.1 43.59 42.84 43.03 0.31 
TiO2 0.214 0.28 0.178 0.251 0.225 0.246 0.219 0.232 0.22 0.266 0.195 0.211 0.211 0.245 0.23 0.03 
Al2O3 23.03 23.15 23.2 23.08 23 23.11 23.02 23.09 22.93 22.6 22.92 22.78 22.19 22.69 22.91 0.27 
FeO 12.19 12.47 12.3 12.74 12.17 12.27 12.6 12.68 12.05 12.53 12.24 12.5 12.29 12.42 12.39 0.21 
MnO 0.404 0.422 0.364 0.424 0.379 0.349 0.415 0.414 0.366 0.386 0.393 0.352 0.278 0.338 0.38 0.04 
MgO 17.78 17.89 17.97 17.71 17.53 17.52 17.84 17.76 17.28 17.11 17.8 17.49 16.91 16.97 17.54 0.35 
CaO 4.91 5.08 4.94 4.89 4.85 5.03 5.02 5.06 4.83 4.73 5.05 5.06 4.81 4.93 4.94 0.11 
Na2O 0.028 0.043 0.026 0.032 0.043 0.022 0.03 0.026 0.014 0.072 0.056 0.038 0.012 0.097 0.04 0.02 
K2O 0 0 0.008 0 0.011 0 0 0 0 0 0 0 0.014 0.016 0.00 0.01 
ZnO 0.013 0 0 0.023 0.01 0.008 0.023 0 0.015 0 0.052 0.027 0 0 0.01 0.02 
Cr2O3 0.362 0.256 0.198 0.222 0.243 0.171 0.159 0.163 0.184 0.188 0.278 0.176 0.187 0.192 0.21 0.06 
NiO 0 0.037 0.029 0 0.01 0 0.018 0 0 0.015 0.028 0.015 0 0.02 0.01 0.01 
Total   102.15 102.75 102.55 102.75 101.23 101.70 102.70 102.37 100.24 100.97 101.79 101.83 100.58 100.79   
Mg# 72.22 71.89 72.25 71.25 71.97 71.79 71.62 71.40 71.78 70.87 72.16 71.38 70.79 70.77 71.58 0.52 
    
3.04 
            
 
 
Si 3.04 3.02 3.04 3.04 3.04 3.04 3.02 3.04 3.07 3.03 3.05 3.11 3.07  
Aliv 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Alvi 1.92 1.92 1.92 1.91 1.93 1.93 1.91 1.92 1.94 1.90 1.92 1.90 1.87 1.91   
Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01   
Cr 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01   
Fe3+ 0.01 0.03 0.02 0.02 0.00 0.01 0.03 0.03 0.00 0.00 0.03 0.02 0.00 0.00   
Fe2+ 0.71 0.71 0.71 0.73 0.72 0.72 0.71 0.72 0.73 0.75 0.70 0.72 0.74 0.75   
Mn 0.02 0.03 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02   
Mg 1.87 1.87 1.88 1.85 1.86 1.85 1.87 1.87 1.85 1.82 1.88 1.85 1.80 1.81   
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Ca 0.37 0.38 0.37 0.37 0.37 0.38 0.38 0.38 0.37 0.36 0.38 0.38 0.37 0.38   



































Andradite 0.45 1.30 0.87 0.92 0.16 0.27 1.49 1.51 0.00 0.00 1.38 1.04 0.00 0.00 0.67 0.61 
Grossular 11.24 11.00 11.29 11.09 11.80 12.33 11.01 11.05 12.16 12.06 10.89 11.70 12.50 12.53 11.62 0.61 
Pyrope 64.12 63.83 64.37 63.69 63.70 63.43 64.07 63.57 63.20 63.48 64.06 63.73 63.89 62.70 63.70 0.42 
Spessartine 0.83 0.86 0.74 0.87 0.78 0.72 0.85 0.84 0.76 0.81 0.80 0.73 0.60 0.71 0.78 0.07 
Uvarovite 1.04 0.73 0.56 0.64 0.70 0.49 0.45 0.46 0.54 0.55 0.80 0.51 0.56 0.56 0.61 
 
0.16 




















































Table B.2 (continued) 338
 
  
 CHINO VALLEY         
 13-91-5 garnet-clinopyroxenite        
 GT11 GT12 GT21 GT22 GT23 GT31 GT32 GT33 mean sd 
SiO2 37.850 38.320 38.070 37.890 37.940 37.990 38.230 38.140 38.05 0.17 
TiO2 0.017 0.047 0.054 0.024 0.050 0.044 0.062 0.053 0.04 0.02 
Al2O3 21.710 21.470 21.220 21.530 21.560 21.620 21.640 21.330 21.51 0.16 
FeO 22.140 21.800 22.670 22.860 22.100 22.440 21.950 22.860 22.35 0.41 
MnO 0.740 0.541 0.780 0.764 0.749 0.677 0.645 0.684 0.70 0.08 
MgO 10.140 10.280 9.510 9.810 10.200 9.780 10.270 9.360 9.92 0.36 
CaO 5.680 5.660 5.390 5.430 5.420 5.600 5.810 5.520 5.56 0.15 
Na2O 0.017 0.027 0.040 0.000 0.000 0.018 0.049 0.013 0.02 0.02 
K2O 0.000 0.000 0.000 0.000 0.000 0.007 0.008 0.013 0.00 0.01 
ZnO 0.000 0.025 0.017 0.008 0.014 0.000 0.000 0.000 0.01 0.01 
Cr2O3 0.181 0.191 0.218 0.263 0.247 0.217 0.167 0.206 0.21 0.03 
NiO 0.012 0.000 0.000 0.000 0.007 0.000 0.016 0.027 0.01 0.01 
Total   98.57 98.42 98.03 98.66 98.38 98.44 98.88 98.23   




     
   
   
 
 
 Si 2.96 2.97 2.94 2.94 2.95 2.94 2.97 
Aliv 0.07 0.04 0.03 0.06 0.06 0.05 0.06 0.03   
Alvi 1.91 1.92 1.92 1.91 1.91 1.93 1.91 1.93   
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Cr 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.01   
Fe3+ 0.07 0.06 0.05 0.07 0.06 0.05 0.07 0.05   
Fe2+ 1.37 1.35 1.42 1.42 1.37 1.40 1.35 1.44   
Mn 0.05 0.04 0.05 0.05 0.05 0.04 0.04 0.05   
Mg 1.17 1.18 1.11 1.13 1.18 1.13 1.18 1.09   
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Ca 0.47 0.47 0.45 0.45 0.45 0.47 0.48 0.46   




     
43.93 
 
1.57 Almandine 42.99 45.86 44.34 42.94 44.32 42.24 46.39 
Andradite 3.39 3.01 2.75 3.34 3.14 2.67 3.38 2.53 3.02 0.34 
Grossular 12.13 12.23 11.74 11.19 11.39 12.45 12.39 12.34 11.98 0.48 
Pyrope 39.94 39.99 37.24 38.60 40.08 38.38 40.05 36.58 38.86 1.39 
Spessartine 1.66 1.20 1.74 1.71 1.67 1.51 1.43 1.52 1.55 0.18 
Uvarovite 0.57 0.59 0.68 0.82 0.77 0.68 0.52 0.64 0.66 0.10 



























 CHINO VALLEY       
 12-97-100 garnet-clinopyroxenite       
 GT11 GT12 GT13 GT21 GT22 GT31 GT32 mean sd 
SiO2 37.390 37.340 37.700 38.010 36.950 37.420 37.980 37.54 0.38 
TiO2 0.081 0.047 0.020 0.032 0.091 0.106 0.045 0.06 0.03 
Al2O3 21.140 21.150 21.200 21.280 21.080 21.240 21.270 21.19 0.07 
FeO 27.720 28.340 28.810 28.900 30.140 27.730 28.350 28.57 0.83 
MnO 1.148 0.573 1.370 0.730 1.320 0.753 1.013 0.99 0.31 
MgO 5.720 4.700 6.280 5.470 2.700 5.160 5.800 5.12 1.18 
CaO 4.730 5.650 2.750 4.910 6.940 6.240 4.460 5.10 1.36 
Na2O 0.095 0.008 0.076 0.045 0.016 0.061 0.017 0.05 0.03 
K2O 0.000 0.000 0.011 0.000 0.000 0.010 0.008 0.00 0.01 
ZnO 0.026 0.010 0.014 0.056 0.000 0.013 0.059 0.03 0.02 
Cr2O3 0.047 0.046 0.014 0.035 0.051 0.045 0.035 0.04 0.01 
NiO 0.024 0.000 0.000 0.000 0.015 0.042 0.010 0.01 0.02 



















Si 2.99 3.00 3.01 3.00 2.97 2.97 3.00   
Aliv 0.01 0.00 0.00 0.00 0.03 0.03 0.00   
Alvi 1.98 2.00 1.99 1.98 1.97 1.97 1.98   
Ti 0.00 0.00 0.00 0.00 0.01 0.01 0.00   
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Fe3+ 0.01 0.00 0.00 0.01 0.02 0.02 0.01   
Fe2+ 1.84 1.91 1.92 1.89 2.01 1.82 1.87   
Mn 0.08 0.04 0.09 0.05 0.09 0.05 0.07   
Mg 0.68 0.56 0.75 0.64 0.32 0.61 0.68   
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00   



















Almandine 61.04 63.70 64.08 63.01 65.96 59.87 62.22 62.84 2.02 
Andradite 0.58 0.00 0.00 0.71 1.00 1.15 0.41 0.55 0.45 
Grossular 12.82 16.08 7.81 13.05 18.96 16.58 12.12 13.92 3.64 
Pyrope 22.80 18.78 24.96 21.49 10.89 20.56 22.87 20.34 4.60 
Spessartine 2.60 1.30 3.09 1.63 3.03 1.70 2.27 2.23 0.71 







         
Classification 
(Schulze 2003) Crustal Crustal Crustal Crustal Crustal Crustal Crustal   
Table B.2 (continued) 340
 
  
 CHINO VALLEY      
 117200-144 garnet-clinopyroxenite      
 GT11c GT12b GT21c GT22b GT31c GT32b mean sd 
SiO2 40.63 40.35 41.02 40.09 40.7 40.34 40.52 0.33 
TiO2 0.074 0.103 0.153 0.08 0.065 0.085 0.09 0.03 
Al2O3 22.14 22.12 22.45 21.98 21.99 22.19 22.15 0.17 
FeO 19.34 19.75 18.36 19.37 18.75 20.25 19.30 0.68 
MnO 0.523 0.442 0.489 0.462 0.443 0.449 0.47 0.03 
MgO 11.12 10.67 12.75 10.62 11.5 10.43 11.18 0.86 
CaO 8.46 8.75 7.32 8.78 8.54 8.63 8.41 0.55 
Na2O 0 0.045 0.062 0.029 0.064 0.057 0.04 0.02 
K2O 0 0.012 0.008 0 0 0 0.00 0.01 
ZnO 0.01 0.024 0.033 0.012 0.015 0.041 0.02 0.01 
Cr2O3 0.235 0.258 0.224 0.218 0.228 0.224 0.23 0.01 
NiO 0.009 0 0.026 0 0 0.017 0.01 0.01 









52.23 47.86 50.75 2.68 
     
Si 2.98 2.97 2.98 2.97 2.99 2.97   
Aliv 0.02 0.03 0.02 0.03 0.01 0.03   
Alvi 1.90 1.90 1.90 1.90 1.89 1.90   
Ti 0.00 0.01 0.01 0.00 0.00 0.00   
Cr 0.01 0.02 0.01 0.01 0.01 0.01   
Fe3+ 0.07 0.07 0.07 0.07 0.08 0.07   
Fe2+ 1.12 1.14 1.05 1.13 1.07 1.18   
Mn 0.03 0.03 0.03 0.03 0.03 0.03   
Mg 1.22 1.17 1.38 1.17 1.26 1.15   
Ni 0.00 0.00 0.00 0.00 0.00 0.00   
Zn 0.00 0.00 0.00 0.00 0.00 0.00   









8.02 8.03   
     
Almandine 35.80 36.42 33.53 36.07 34.47 37.59 35.65 1.44 
Andradite 3.61 3.67 3.41 3.60 3.95 3.55 3.63 0.18 
Grossular 18.02 18.81 15.07 19.23 17.87 18.71 17.95 1.50 
Pyrope 40.80 39.42 46.33 39.49 42.12 38.54 41.12 2.85 









0.66 0.66 0.68 0.04 




















Table B.2 (continued) 341
 
  
 CHINO VALLEY       
 117200-144 garnet-clinopyroxenite      
 GT1rim1 GT1rim2 GT2rim1 GT2rim2 GT3rim1 GT3rim2 mean sd 
SiO2 41.59 42.65 41.83 40.6 41.43 43.88 42.00 1.13 
TiO2 0.077 0.065 0.08 0.14 0.117 0.104 0.10 0.03 
Al2O3 24.53 23.83 22.82 20.45 23.79 22.78 23.03 1.43 
FeO 11.32 8.49 13.81 15.88 15.8 10.19 12.58 3.06 
MnO 0.323 0.298 0.371 0.184 0.181 0.252 0.27 0.08 
MgO 10.51 8.99 10.49 8.68 4.39 8.4 8.58 2.24 
CaO 10.09 10.96 9.61 7.85 10.45 9.85 9.80 1.07 
Na2O 0.655 0.788 0.761 0.831 1.4 0.803 0.87 0.27 
K2O 0.015 0.023 0 0.159 0.16 0.062 0.07 0.07 
ZnO 0.014 0.053 0.035 0.009 0.066 0.019 0.03 0.02 
Cr2O3 0.297 0.221 0.214 0.278 0.207 0.239 0.24 0.04 
NiO 0.024 0.034 0.055 0.235 0.058 0.058 0.08 0.08 
Total   99.48 96.40 100.12 95.35 98.10 96.71   

















Aliv 0.00 0.00 0.00 0.00 0.00 0.00   
Alvi 2.13 2.10 1.99 1.89 2.15 2.01   
Ti 0.00 0.00 0.00 0.01 0.01 0.01   
Cr 0.02 0.01 0.01 0.02 0.01 0.01   
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00   
Fe2+ 0.88 0.82 0.95 1.14 1.32 0.93   
Mn 0.02 0.02 0.02 0.01 0.01 0.02   
Mg 1.13 0.98 1.15 1.01 0.49 0.91   
Ni 0.00 0.00 0.00 0.01 0.00 0.00   
Zn 0.00 0.00 0.00 0.00 0.00 0.00   
Ca 0.78 0.86 0.76 0.65 0.83 0.77   

















Andradite 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Grossular 26.83 31.33 25.65 22.38 30.76 28.53 27.58 3.36 
Pyrope 40.19 36.57 39.94 35.83 18.38 34.79 34.28 8.09 
Spessartine 0.70 0.69 0.80 0.43 0.43 0.59 0.61 0.15 
Uvarovite 0.90 0.72 0.65 0.91 0.69 0.79 0.78 0.11 
         
Classification 






Table B.2 (continued) 342
 
  
 CHINO VALLEY      
 117200-141 garnet-clinopyroxenite      
 GT11c GT12b GT21c GT22b GT31c GT32b mean sd 
SiO2 41.54 41.11 41.31 40.79 40.99 41.02 41.13 0.26 
TiO2 0.045 0.053 0.091 0.029 0.063 0.038 0.05 0.02 
Al2O3 22.13 22.34 22.19 22.37 21.95 22.45 22.24 0.18 
FeO 19.91 19.51 19.89 19.78 19.97 19.89 19.83 0.17 
MnO 0.489 0.365 0.402 0.405 0.445 0.435 0.42 0.04 
MgO 10.33 9.61 9.82 9.53 9.3 9.36 9.66 0.38 
CaO 8.1 8.74 8.46 8.93 8.72 8.88 8.64 0.31 
Na2O 0.031 0.049 0.042 0.06 0.02 0.034 0.04 0.01 
K2O 0 0 0.012 0 0.008 0 0.00 0.01 
ZnO 0.061 0 0.01 0 0 0 0.01 0.02 
Cr2O3 0.116 0.105 0.121 0.09 0.174 0.05 0.11 0.04 
NiO 0.013 0.01 0 0.009 0 0 0.01 0.01 
Total   102.84 101.99 102.40 102.04 101.79 102.20   
Mg# 48.05 46.75 46.81 46.20 45.36 45.62 46.46 0.97 
 
        
Si 3.04 3.04 3.04 3.02 3.05 3.03   
Aliv 0.00 0.00 0.00 0.00 0.00 0.00   
Alvi 1.91 1.95 1.93 1.95 1.92 1.96   
Ti 0.00 0.00 0.01 0.00 0.00 0.00   
Cr 0.01 0.01 0.01 0.01 0.01 0.00   
Fe3+ 0.03 0.00 0.02 0.02 0.01 0.01   
Fe2+ 1.19 1.20 1.21 1.21 1.23 1.22   
Mn 0.03 0.02 0.03 0.03 0.03 0.03   
Mg 1.13 1.06 1.08 1.05 1.03 1.03   
Ni 0.00 0.00 0.00 0.00 0.00 0.00   
Zn 0.00 0.00 0.00 0.00 0.00 0.00   
Ca 0.64 0.69 0.67 0.71 0.69 0.70   


















Andradite 1.58 0.14 0.80 0.86 0.73 0.31 0.74 0.50 
Grossular 19.83 23.14 21.67 22.80 22.51 23.40 22.23 1.32 
Pyrope 38.60 36.10 36.88 35.52 35.27 34.99 36.23 1.34 
Spessartine 1.04 0.78 0.86 0.86 0.96 0.92 0.90 0.09 




























(Schulze 2003)   343 Table B.2 (continued) 
 
  
 ROODEKRAAL             
 JAR 42163 eclogite             
 GT11c GT12b GT21c GT22b GT31c GT32b GT41c GT42b GT51c GT52b GTinc11 GTinc12 mean sd 
SiO2 40.45 40.29 40.48 40.43 38.12 38.19 41.66 41.24 41.25 41.39 41.04 41.51 40.50 1.19 
TiO2 0.106 0.031 0.072 0.072 0.072 0.029 0.04 0.076 0.103 0.063 0.025 0.063 0.06 0.03 
Al2O3 22.33 22.51 22.47 22.67 22.49 22.76 22.25 22.38 22.34 22.64 22.56 22.68 22.51 0.16 
FeO 17.47 17 17.15 17.29 17.15 17.05 17.52 17.41 17.45 17.04 17.3 17.18 17.25 0.18 
MnO 0.33 0.331 0.32 0.291 0.333 0.341 0.262 0.3 0.319 0.347 0.361 0.327 0.32 0.03 
MgO 9.32 9.54 9.41 9.6 9.56 9.59 9.25 9.33 9.51 9.52 9.57 9.58 9.48 0.12 
CaO 10.46 10.64 10.72 10.4 10.53 10.47 10.81 10.44 10.58 10.61 10.54 10.44 10.55 0.12 
Na2O 0.034 0 0.021 0.038 0.051 0 0.026 0 0.075 0 0.027 0 0.02 0.02 
K2O 0.012 0 0.009 0.014 0 0 0 0 0 0.008 0.02 0 0.01 0.01 
ZnO 0.015 0 0.026 0.058 0.008 0.01 0 0 0.013 0.015 0.055 0 0.02 0.02 
Cr2O3 0.071 0.029 0.071 0.029 0.058 0.093 0.053 0.044 0.056 0.013 0.064 0.067 0.05 0.02 
NiO 0 0.022 0.025 0 0 0 0.015 0.017 0.018 0 0.01 0 0.01 0.01 
Total   100.65 100.45 100.85 100.94 98.43 98.59 101.91 101.35 101.76 101.68 101.60 101.85   
Mg# 48.74 
 
50.01 49.44 49.70 49.84 
 
50.06 48.44 48.59 49.27 49.54 49.63 49.40 49.39 0.54 
 
            
Si 3.02 3.01 3.02 3.01 2.92 2.92 3.07 3.05 3.04 3.04 3.03 3.04   
Aliv 0.00 0.00 0.00 0.00 0.08 0.08 0.00 0.00 0.00 0.00 0.00 0.00   
Alvi 1.97 1.98 1.97 1.99 1.96 1.97 1.93 1.95 1.94 1.96 1.96 1.96   
Ti 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00   
Cr 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00   
Fe3+ 0.00 0.00 0.00 0.00 0.03 0.02 0.00 0.00 0.00 0.00 0.00 0.00   
Fe2+ 1.09 1.06 1.07 1.08 1.07 1.07 1.08 1.09 1.07 1.06 1.07 1.07   
Mn 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02   
Mg 1.04 1.06 1.05 1.06 1.09 1.09 1.01 1.03 1.05 1.04 1.05 1.05   
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Ca 0.84 0.85 0.86 0.83 0.86 0.86 0.85 0.83 0.84 0.84 0.83 0.82   
Total 7.99 
 
7.99 7.99 7.99 8.04 
 
8.04 7.97 7.97 7.98 7.98 7.98 7.97   
 
            
Almandine 35.90 35.09 35.30 35.93 32.28 32.43 35.04 36.02 34.97 35.44 35.28 35.93 34.97 1.28 
Andradite 0.08 0.18 0.10 0.00 1.63 0.94 0.00 0.00 0.21 0.00 0.00 0.00 0.26 0.51 
Grossular 28.01 28.31 28.51 27.69 27.79 28.15 29.24 28.10 28.22 28.35 28.07 27.64 28.17 0.43 
Pyrope 35.09 35.64 35.20 35.67 37.38 37.43 35.00 35.10 35.76 35.44 35.70 35.54 35.75 0.82 
Spessartine 0.71 0.70 0.68 0.61 0.74 0.76 0.56 0.64 0.68 0.73 0.77 0.69 0.69 0.06 
Uvarovite 0.21 
 
0.09 0.21 0.09 0.18 
 
0.29 0.16 0.13 0.17 0.04 0.19 0.20 0.16 0.07 
 

































344 Table B.2 (continued) 
 
  
 ROODEKRAAL       
 JAR 42313 ky eclogite       
 GT11c GT12b GT21c GT22b GT31c GT32b mean sd 
SiO2 41.28 41.03 40.48 40.78 41.09 40.72 40.90 0.29 
TiO2 0.036 0 0 0 0 0 0.01 0.01 
Al2O3 23.43 23.52 23.59 23.33 23.52 23.42 23.47 0.09 
FeO 13.48 13.3 13.78 13.59 13.89 13.42 13.58 0.22 
MnO 0.443 0.435 0.366 0.437 0.419 0.369 0.41 0.04 
MgO 16 15.81 16.17 16.36 16.44 16.31 16.18 0.24 
CaO 8.01 7.76 7.4 7.49 7.21 7.51 7.56 0.28 
Na2O 0.036 0.035 0.01 0 0.027 0.025 0.02 0.01 
K2O 0 0 0 0 0.009 0 0.00 0.00 
ZnO 0 0 0 0 0 0 0.00 0.00 
Cr2O3 0.088 0.051 0.021 0.052 0.079 0.064 0.06 0.02 
NiO 0 0 0 0.028 0.013 0.017 0.01 0.01 
Total   102.83 101.99 101.82 102.11 102.75 101.86   


















Aliv 0.07 0.06 0.09 0.08 0.08 0.08   
Alvi 1.90 1.93 1.91 1.89 1.90 1.90   
Ti 0.00 0.00 0.00 0.00 0.00 0.00   
Cr 0.00 0.00 0.00 0.00 0.00 0.00   
Fe3+ 0.08 0.06 0.08 0.09 0.08 0.08   
Fe2+ 0.72 0.74 0.75 0.72 0.74 0.72   
Mn 0.03 0.03 0.02 0.03 0.03 0.02   
Mg 1.70 1.69 1.73 1.75 1.74 1.74   
Ni 0.00 0.00 0.00 0.00 0.00 0.00   
Zn 0.00 0.00 0.00 0.00 0.00 0.00   
Ca 0.61 0.60 0.57 0.57 0.55 0.58   


















Andradite 4.00 3.01 4.07 4.71 4.22 4.19 4.03 0.56 
Grossular 16.54 17.11 15.46 14.82 14.36 15.38 15.61 1.04 
Pyrope 57.78 57.44 59.55 59.80 59.64 59.71 58.99 1.08 
Spessartine 0.91 0.90 0.77 0.91 0.86 0.77 0.85 0.07 
Uvarovite 0.25 0.15 0.06 0.15 0.23 0.19 0.17 0.07 




















345 Table B.2 (continued) 
 
  
 ROODEKRAAL       
 RDK1 garnet-clinopyroxenite       
 GT11c GT12c GT13b GT21c GT22b GT31c GT32b mean sd 
SiO2 39.4 40.15 40.34 39.92 39.89 39.49 39.87 39.87 0.33 
TiO2 0.015 0.048 0.06 0.057 0.057 0 0.016 0.04 0.02 
Al2O3 23.06 22.34 22.4 22.94 22.8 22.57 22.96 22.72 0.29 
FeO 18.6 17.18 17.48 19.9 19.72 18.78 19.48 18.73 1.07 
MnO 0.325 0.317 0.317 0.407 0.33 0.336 0.37 0.34 0.03 
MgO 13.31 13.3 13.34 13.36 13.42 13.17 13.46 13.34 0.09 
CaO 5.61 4.91 4.84 4.83 4.68 5.14 4.85 4.98 0.31 
Na2O 0.022 0.063 0.007 0.036 0.036 0.018 0.055 0.03 0.02 
K2O 0 0 0 0 0 0 0 0.00 0.00 
ZnO 0.036 0 0 0 0.016 0 0 0.01 0.01 
Cr2O3 0.172 0.183 0.168 0.16 0.144 0.158 0.17 0.17 0.01 
NiO 0 0 0 0.022 0.037 0.007 0.015 0.01 0.01 
Total   100.58 98.55 98.95 101.69 101.19 99.74 101.28   




















Aliv 0.08 0.00 0.00 0.06 0.05 0.05 0.06   
Alvi 1.94 1.98 1.97 1.93 1.93 1.95 1.94   
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Cr 0.01 0.01 0.01 0.01 0.01 0.01 0.01   
Fe3+ 0.04 0.00 0.00 0.05 0.05 0.04 0.04   
Fe2+ 1.11 1.08 1.09 1.17 1.17 1.13 1.16   
Mn 0.02 0.02 0.02 0.03 0.02 0.02 0.02   
Mg 1.47 1.49 1.49 1.47 1.48 1.47 1.48   
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Ca 0.45 0.39 0.39 0.38 0.37 0.41 0.38   




















Andradite 2.16 0.00 0.00 2.60 2.46 2.03 2.27 1.65 1.14 
Grossular 12.58 12.70 12.53 9.89 9.68 11.44 10.26 11.30 1.34 
Pyrope 50.36 49.92 49.96 49.89 50.15 49.72 50.33 50.05 0.24 
Spessartine 0.70 0.68 0.67 0.86 0.70 0.72 0.79 0.73 0.07 































346 Table B.2 (continued) 
 
  
 ROODEKRAAL           
 RDK2 garnet-clinopyroxenite           
 GT11c GT12b GT21c GT22b GT31c GT32b mean sd  GT3rim1 GT3rim2 mean sd 
SiO2 41.64 41.48 41.33 41.09 39.46 41.04 41.01 0.79  34.07 32.62 33.35 1.03 
TiO2 0.033 0 0.056 0.055 0.014 0.01 0.03 0.02  0.075 0.047 0.06 0.02 
Al2O3 23.1 23.26 23.22 23.17 22.99 23.03 23.13 0.11  17.18 17.57 17.38 0.28 
FeO 14.18 14.46 14.38 14.06 14.22 14.42 14.29 0.16  16.27 16.38 16.33 0.08 
MnO 0.271 0.332 0.309 0.298 0.285 0.278 0.30 0.02  0.351 0.314 0.33 0.03 
MgO 15.39 15.54 15.46 15.14 15.53 15.37 15.41 0.15  17.64 17.75 17.70 0.08 
CaO 6.42 6.43 6.49 6.56 6.39 6.39 6.45 0.07  1.86 1.77 1.82 0.06 
Na2O 0.018 0 0 0.052 0.116 0 0.03 0.05  0.13 0.165 0.15 0.02 
K2O 0 0.012 0 0 0.036 0.012 0.01 0.01  0.157 0.129 0.14 0.02 
ZnO 0 0.009 0 0 0 0 0.00 0.00  0.015 0.036 0.03 0.01 
Cr2O3 0.145 0.175 0.123 0.16 0.171 0.166 0.16 0.02  0.176 0.152 0.16 0.02 
NiO 0 0 0 0 0 0.01 0.00 0.00  0.02 0.029 0.02 0.01 
Total   101.23 101.78 101.45 100.63 99.23 100.76    87.96 87.00   





























Aliv 0.00 0.02 0.02 0.01 0.08 0.02    0.14 0.23   
Alvi 1.97 1.95 1.96 1.97 1.93 1.95    1.58 1.56   
Ti 0.00 0.00 0.00 0.00 0.00 0.00    0.00 0.00   
Cr 0.01 0.01 0.01 0.01 0.01 0.01    0.01 0.01   
Fe3+ 0.02 0.03 0.03 0.01 0.06 0.03    0.36 0.37   
Fe2+ 0.84 0.84 0.84 0.84 0.82 0.84    0.78 0.79   
Mn 0.02 0.02 0.02 0.02 0.02 0.02    0.02 0.02   
Mg 1.65 1.67 1.66 1.64 1.71 1.66    2.20 2.25   
Ni 0.00 0.00 0.00 0.00 0.00 0.00    0.00 0.00   
Zn 0.00 0.00 0.00 0.00 0.00 0.00    0.00 0.00   
Ca 0.50 0.50 0.50 0.51 0.51 0.50    0.17 0.16   















      
Almandine 1.53  --- ---   
Andradite 0.96 1.57 1.54 0.71 2.90 1.67 1.56 0.76  --- ---   
Grossular 15.24 14.54 14.93 15.94 13.93 14.54 14.85 0.69  --- ---   
Pyrope 55.40 55.85 55.76 54.93 58.67 55.83 56.07 1.32  --- ---   
Spessartine 0.55 0.68 0.63 0.61 0.61 0.57 0.61 0.04  --- ---   






















       






Table B.2 (continued) 347
 
  
 JACHTFONTEIN               
 JAR 20093 garnet-clinopyroxenite              
 GT12b GT11c GT21c GT22b GT23b GT31c GT32b GT41c GT42b mean sd  GT3rim1 GT3rim2 mean sd 
SiO2 40.91 42.1 39.87 41.09 40.05 40.44 39.76 40.47 40.3 40.55 0.73  29.3 25.66 27.48 2.57 
TiO2 0.048 0.085 0.107 0.054 0.234 0.037 0.053 0.102 0.089 0.09 0.06  0.075 0.044 0.06 0.02 
Al2O3 22.9 22.73 22.96 22.92 22.8 22.89 23.45 23.04 23.11 22.98 0.21  16.77 11.51 14.14 3.72 
FeO 15.46 15.68 15.38 15.04 15.55 14.96 15.34 15.49 15.32 15.36 0.23  19.54 10.14 14.84 6.65 
MnO 0.308 0.267 0.268 0.235 0.282 0.29 0.26 0.325 0.216 0.27 0.03  0.352 0.285 0.32 0.05 
MgO 14.01 14.49 15.87 14 15.61 15.45 15.74 15.67 15.1 15.10 0.75  19.95 14.97 17.46 3.52 
CaO 7.53 7.07 7.09 7.23 6.54 7.47 7.59 7.02 7.26 7.20 0.32  0.822 14.93 7.88 9.98 
Na2O 0.026 0.04 0.022 0.025 0.013 0.027 0.018 0.026 0.008 0.02 0.01  0.117 0.36 0.24 0.17 
K2O 0 0 0 0 0.018 0 0.014 0 0 0.00 0.01  0.074 1.25 0.66 0.83 
ZnO 0.034 0.019 0 0.008 0 0.035 0.025 0.041 0 0.02 0.02  0 0.017 0.01 0.01 
Cr2O3 0.158 0.082 0.08 0.112 0.098 0.113 0.125 0.069 0.112 0.11 0.03  0.149 0.103 0.13 0.03 
NiO 0 0 0 0 0.018 0.01 0.018 0.011 0 0.01 0.01  0 0 0.00 0.00 
Total   101.43 102.57 101.68 100.76 101.26 101.80 102.47 102.30 101.57    87.17 79.29   
Mg# 61.76 62.22 64.78 62.39 64.15 64.80 64.65 64.33 63.73 63.65 1.20  64.54 72.46 68.50 5.60 
 







Si 2.97 3.02 2.89 3.00 2.91 2.92 2.86 2.91 2.92    2.52 2.50   
Aliv 0.03 0.00 0.11 0.00 0.09 0.08 0.14 0.09 0.08    0.48 0.50   
Alvi 1.94 1.92 1.86 1.97 1.87 1.88 1.86 1.87 1.90    1.27 0.87   
Ti 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.00    0.00 0.00   
Cr 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.01    0.01 0.01   
Fe3+ 0.04 0.04 0.12 0.02 0.10 0.10 0.11 0.10 0.08    0.63 0.83   
Fe2+ 0.90 0.90 0.81 0.90 0.85 0.81 0.81 0.83 0.85    0.77 0.00   
Mn 0.02 0.02 0.02 0.01 0.02 0.02 0.02 0.02 0.01    0.03 0.02   
Mg 1.52 1.55 1.71 1.52 1.69 1.66 1.69 1.68 1.63    2.56 2.17   
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00    0.00 0.00   
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00    0.00 0.00   
Ca 0.59 0.54 0.55 0.57 0.51 0.58 0.59 0.54 0.56    0.08 1.56   


































Andradite 2.12 2.26 6.19 0.84 4.98 5.06 5.96 5.31 3.94 4.08 1.90  --- ---   
Grossular 17.15 15.88 12.62 17.73 12.23 14.40 14.12 13.07 15.03 14.69 1.94  --- ---   
Pyrope 51.05 52.40 59.34 50.90 58.10 56.95 59.01 57.72 55.85 55.70 3.38  --- ---   
Spessartine 0.64 0.55 0.57 0.49 0.60 0.61 0.55 0.68 0.45 0.57 0.07  --- ---   
Uvarovite 0.46 0.24 0.24 0.32 0.29 0.33 0.37 0.20 0.33 0.31 0.08  --- ---   




















Eclogite (B)    ------ ------   
Table B.2 (continued) 
 
  
 JACHTFONTEIN       
 JAR 20113 eclogite       
 GT11c GT12b GT21c GT22b GT31c GT32b mean sd 
SiO2 40.64 41.39 41.42 40.76 41.08 41.41 41.12 0.35 
TiO2 0.048 0.042 0.049 0.035 0.08 0.053 0.05 0.02 
Al2O3 22.42 22.57 22.47 22.58 22.45 22.25 22.46 0.12 
FeO 15.41 15.27 15.22 15.38 15.09 15.32 15.28 0.12 
MnO 0.334 0.381 0.365 0.389 0.353 0.401 0.37 0.02 
MgO 10.16 10.06 10.27 9.95 10.04 10.04 10.09 0.11 
CaO 11.1 11.23 10.98 10.95 10.98 10.99 11.04 0.11 
Na2O 0 0 0.013 0.035 0 0.031 0.01 0.02 
K2O 0.011 0 0 0 0 0 0.00 0.00 
ZnO 0 0 0.041 0 0.052 0 0.02 0.02 
Cr2O3 0.046 0.065 0.038 0.071 0.06 0.084 0.06 0.02 
NiO 0.007 0 0 0.015 0.007 0 0.00 0.01 
Total   100.21 101.05 100.93 100.22 100.28 100.62   


















Aliv 0.00 0.00 0.00 0.00 0.00 0.00   
Alvi 1.97 1.96 1.95 1.98 1.96 1.94   
Ti 0.00 0.00 0.00 0.00 0.00 0.00   
Cr 0.00 0.00 0.00 0.00 0.00 0.00   
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00   
Fe2+ 0.95 0.95 0.95 0.97 0.95 0.96   
Mn 0.02 0.02 0.02 0.02 0.02 0.03   
Mg 1.13 1.10 1.13 1.10 1.11 1.11   
Ni 0.00 0.00 0.00 0.00 0.00 0.00   
Zn 0.00 0.00 0.00 0.00 0.00 0.00   
Ca 0.88 0.89 0.87 0.87 0.87 0.87   


















Andradite 0.20 0.00 0.00 0.00 0.00 0.00 0.03 0.08 
Grossular 29.56 29.90 29.47 29.13 29.41 29.61 29.51 0.25 
Pyrope 38.08 37.51 38.49 37.09 37.64 37.95 37.79 0.49 
Spessartine 0.71 0.81 0.78 0.82 0.75 0.86 0.79 0.05 




























349 Table B.2 (continued) 
 
  
 JACHTFONTEIN       
 JAR 20263 eclogite       
 GT11c GT12b GT21b GT22c GT31c GT32b mean sd 
SiO2 39.1 38.53 39.74 38.93 38.78 39.08 39.03 0.41 
TiO2 0.056 0.063 0.054 0.101 0.039 0.05 0.06 0.02 
Al2O3 22.69 22.8 22.63 22.68 22.8 22.39 22.67 0.15 
FeO 16.64 16.42 16.6 15.94 16.25 16.23 16.35 0.26 
MnO 0.368 0.37 0.312 0.349 0.293 0.314 0.33 0.03 
MgO 9.96 9.69 9.79 9.93 9.83 9.73 9.82 0.11 
CaO 10.9 10.68 10.85 11.06 10.92 11.04 10.91 0.14 
Na2O 0.015 0 0.012 0.045 0.031 0.013 0.02 0.02 
K2O 0 0 0 0 0 0.006 0.00 0.00 
ZnO 0.034 0.051 0 0 0 0 0.01 0.02 
Cr2O3 0.074 0.057 0.066 0.077 0.089 0.075 0.07 0.01 
NiO 0 0.014 0 0.024 0 0.024 0.01 0.01 
Total   99.95 98.70 100.10 99.20 99.09 98.98   


















Aliv 0.06 0.07 0.02 0.05 0.06 0.04   
Alvi 1.96 1.98 1.98 1.97 1.98 1.97   
Ti 0.00 0.00 0.00 0.01 0.00 0.00   
Cr 0.00 0.00 0.00 0.00 0.01 0.00   
Fe3+ 0.03 0.01 0.01 0.02 0.01 0.02   
Fe2+ 1.02 1.04 1.03 0.99 1.02 1.01   
Mn 0.02 0.02 0.02 0.02 0.02 0.02   
Mg 1.12 1.10 1.09 1.12 1.11 1.10   
Ni 0.00 0.00 0.00 0.00 0.00 0.00   
Zn 0.00 0.00 0.00 0.00 0.00 0.00   
Ca 0.88 0.87 0.87 0.90 0.89 0.90   


















Andradite 1.60 0.53 0.63 0.94 0.68 1.18 0.93 0.41 
Grossular 28.05 29.00 28.43 29.27 29.22 28.86 28.80 0.48 
Pyrope 37.97 37.49 36.72 38.02 37.79 37.11 37.52 0.52 
Spessartine 0.80 0.81 0.67 0.76 0.64 0.68 0.73 0.07 




























350 Table B.2 (continued) 
 
  
 JACHTFONTEIN         
 JAR 20273 eclogite         
 GT11c GT12b GT21c GT22b GT31c GT32b GTinc11 GTinc12 mean sd 
SiO2 42.19 42.35 41.92 41.99 42.01 42.15 42.78 42.64 42.25 0.31 
TiO2 0.01 0.019 0.024 0.024 0.041 0.047 0 0.013 0.02 0.02 
Al2O3 23.03 23.2 23.25 23.29 23.16 23.22 23.13 23.09 23.17 0.09 
FeO 16.29 16.41 16.21 16.27 16.2 16.22 16.47 16.52 16.32 0.13 
MnO 0.499 0.381 0.431 0.434 0.419 0.404 0.41 0.423 0.43 0.03 
MgO 16.34 16.4 16.42 16.31 16.23 16.34 16.42 16.37 16.35 0.06 
CaO 3.24 3.21 3.24 3.24 3.23 3.25 3.23 3.23 3.23 0.01 
Na2O 0.01 0 0.013 0.012 0.024 0.032 0.017 0.008 0.01 0.01 
K2O 0.01 0 0.01 0 0.02 0 0 0 0.01 0.01 
ZnO 0 0 0 0 0 0.008 0 0.006 0.00 0.00 
Cr2O3 0.167 0.147 0.121 0.136 0.154 0.146 0.15 0.105 0.14 0.02 
NiO 0.022 0.02 0 0.013 0 0.01 0 0 0.01 0.01 
Total   101.85 102.17 101.69 101.74 101.53 101.85 102.69 102.45   
Mg# 64.13 64.05 64.36 64.12 64.10 64.23 63.99 63.85 64.10 0.15 
 
        




 Si 3.03 3.03 3.01 3.01 3.02 3.02 3.04 3.04 
Aliv 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Alvi 1.95 1.95 1.97 1.97 1.96 1.96 1.94 1.94   
Ti 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Cr 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01   
Fe3+ 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.01   
Fe2+ 0.96 0.97 0.96 0.97 0.97 0.97 0.97 0.97   
Mn 0.03 0.02 0.03 0.03 0.03 0.02 0.02 0.03   
Mg 1.75 1.75 1.76 1.75 1.74 1.75 1.74 1.74   
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Ca 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25   
Total 7.99 7.99 8.00 7.99 7.99 7.99 7.98 7.98   
 
      
31.72 
 
0.24 Almandine 31.44 31.82 31.72 32.07 31.97 31.80 31.45 31.51 
Andradite 0.71 0.44 0.52 0.25 0.10 0.23 0.46 0.63 0.42 0.21 
Grossular 7.24 7.46 7.51 7.74 7.87 7.78 7.50 7.47 7.57 0.21 
Pyrope 59.11 59.09 59.03 58.67 58.77 58.95 59.32 59.22 59.02 0.22 
Spessartine 1.03 0.78 0.88 0.89 0.86 0.83 0.84 0.87 0.87 0.07 
Uvarovite 0.48 0.42 0.35 0.39 0.44 0.42 0.43 0.30 0.40 0.06 
 
     
Group II 
Eclogite (A) 


























 LOVEDALE       
 JAR 02073 eclogite       
 GT11c GT12b GT21c GT22b GT31c GT32b mean sd 
SiO2 39.86 40.17 39.9 40.22 40.18 39.66 40.00 0.23 
TiO2 0.135 0.109 0.13 0.106 0.122 0.168 0.13 0.02 
Al2O3 22.59 22.89 22.69 22.29 22.73 22.59 22.63 0.20 
FeO 17.67 18.18 17.71 17.92 17.94 17.89 17.89 0.18 
MnO 0.361 0.399 0.406 0.434 0.403 0.42 0.40 0.02 
MgO 10.73 10.88 10.88 10.45 10.8 10.56 10.72 0.18 
CaO 9.1 9.07 9.08 8.94 9.03 8.99 9.04 0.06 
Na2O 0.037 0.047 0.046 0.054 0.108 0.08 0.06 0.03 
K2O 0 0 0 0.011 0 0.01 0.00 0.01 
ZnO 0.028 0.019 0.021 0.016 0.022 0 0.02 0.01 
Cr2O3 0.063 0.049 0.042 0.062 0.048 0.046 0.05 0.01 
NiO 0 0 0 0 0 0.012 0.00 0.00 
Total   100.63 101.89 100.96 100.58 101.47 100.52   


















Aliv 0.03 0.04 0.04 0.00 0.03 0.03   
Alvi 1.96 1.95 1.95 1.96 1.96 1.96   
Ti 0.01 0.01 0.01 0.01 0.01 0.01   
Cr 0.00 0.00 0.00 0.00 0.00 0.00   
Fe3+ 0.03 0.03 0.03 0.02 0.03 0.02   
Fe2+ 1.08 1.09 1.07 1.10 1.08 1.09   
Mn 0.02 0.02 0.03 0.03 0.03 0.03   
Mg 1.19 1.20 1.21 1.16 1.19 1.18   
Ni 0.00 0.00 0.00 0.00 0.00 0.00   
Zn 0.00 0.00 0.00 0.00 0.00 0.00   
Ca 0.73 0.72 0.72 0.72 0.72 0.72   


















Andradite 1.34 1.67 1.60 1.12 1.37 1.25 1.39 0.21 
Grossular 22.93 22.38 22.66 22.69 22.57 22.91 22.69 0.21 
Pyrope 40.13 40.38 40.65 39.01 40.07 39.69 39.99 0.57 
Spessartine 0.77 0.84 0.86 0.92 0.85 0.90 0.86 0.05 




























352 Table B.2 (continued) 
 
  
 LOVEDALE        
 JAR 02093 eclogite       
 GT11c GT12b GT21c GT22b GT31c GT32b mean sd 
SiO2 40.31 40.66 40.67 40.24 40.08 40.51 40.41 0.24 
TiO2 0.085 0.096 0.091 0.08 0.063 0.072 0.08 0.01 
Al2O3 22.24 22.01 21.71 21.88 22.21 21.83 21.98 0.21 
FeO 22.63 22.51 22.68 22.78 22.96 22.44 22.67 0.19 
MnO 0.575 0.482 0.551 0.552 0.515 0.532 0.53 0.03 
MgO 9.01 8.9 8.96 9.13 9.12 8.95 9.01 0.09 
CaO 6.86 6.88 7.05 6.73 6.68 6.63 6.81 0.16 
Na2O 0.039 0.031 0.049 0.081 0.066 0.078 0.06 0.02 
K2O 0.01 0 0 0 0.012 0 0.00 0.01 
ZnO 0.034 0.045 0.045 0 0.046 0.046 0.04 0.02 
Cr2O3 0.049 0.056 0.069 0.052 0.067 0.065 0.06 0.01 
NiO 0 0.014 0.021 0 0 0 0.01 0.01 
Total   101.86 101.73 101.95 101.55 101.85 101.17   


















Aliv 0.00 0.00 0.00 0.00 0.00 0.00   
Alvi 1.96 1.94 1.92 1.94 1.96 1.94   
Ti 0.00 0.01 0.01 0.00 0.00 0.00   
Cr 0.00 0.00 0.00 0.00 0.00 0.00   
Fe3+ 0.01 0.01 0.03 0.03 0.02 0.01   
Fe2+ 1.40 1.40 1.39 1.40 1.41 1.40   
Mn 0.04 0.03 0.03 0.04 0.03 0.03   
Mg 1.00 0.99 1.00 1.02 1.02 1.00   
Ni 0.00 0.00 0.00 0.00 0.00 0.00   
Zn 0.00 0.00 0.00 0.00 0.00 0.00   
Ca 0.55 0.55 0.56 0.54 0.54 0.53   


















Andradite 0.70 0.38 1.63 1.54 1.20 0.43 0.98 0.55 
Grossular 17.69 18.29 17.48 16.62 16.57 17.66 17.39 0.67 
Pyrope 33.87 33.91 34.16 34.58 34.14 34.35 34.17 0.27 
Spessartine 1.23 1.04 1.19 1.19 1.10 1.16 1.15 0.07 




























353 Table B.2 (continued) 
 
  
 LOVEDALE        
 JAR 02023 eclogite       
 GT11c GT12b GT21c GT22b GT31c GT32b mean sd 
SiO2 41.72 41.63 41.72 42.05 41.49 41.22 41.64 0.28 
TiO2 0.19 0.153 0.242 0.206 0.219 0.206 0.20 0.03 
Al2O3 22.14 22.34 22.48 22.32 22.39 22.54 22.37 0.14 
FeO 20.42 20.25 18.78 18.46 17.98 17.72 18.94 1.15 
MnO 0.666 0.716 0.631 0.605 0.549 0.614 0.63 0.06 
MgO 11.05 11.27 12.7 12.9 12.99 12.32 12.21 0.84 
CaO 5.82 5.73 5.34 5.16 5.1 5.43 5.43 0.29 
Na2O 0.091 0.127 0.091 0.083 0.109 0.101 0.10 0.02 
K2O 0 0.013 0 0 0.006 0 0.00 0.01 
ZnO 0 0.013 0 0.027 0.025 0 0.01 0.01 
Cr2O3 0.087 0.104 0.073 0.08 0.059 0.063 0.08 0.02 
NiO 0.021 0.01 0 0.007 0.015 0 0.01 0.01 
Total   102.25 102.41 102.09 101.94 100.96 100.28   


















Aliv 0.00 0.00 0.00 0.00 0.00 0.00   
Alvi 1.92 1.93 1.93 1.92 1.94 1.97   
Ti 0.01 0.01 0.01 0.01 0.01 0.01   
Cr 0.01 0.01 0.00 0.00 0.00 0.00   
Fe3+ 0.00 0.00 0.01 0.00 0.00 0.00   
Fe2+ 1.25 1.24 1.14 1.12 1.11 1.12   
Mn 0.04 0.04 0.04 0.04 0.03 0.04   
Mg 1.21 1.23 1.38 1.40 1.42 1.36   
Ni 0.00 0.00 0.00 0.00 0.00 0.00   
Zn 0.00 0.00 0.00 0.00 0.00 0.00   
Ca 0.46 0.45 0.42 0.40 0.40 0.43   


















Andradite 0.12 0.05 0.37 0.19 0.00 0.00 0.12 0.14 
Grossular 15.49 15.13 13.73 13.52 13.60 14.39 14.31 0.84 
Pyrope 41.92 42.38 47.35 48.52 48.83 46.00 45.83 3.03 
Spessartine 1.44 1.53 1.34 1.29 1.17 1.30 1.35 0.12 




























354 Table B.2 (continued) 
 
  
 LOVEDALE              
 JAR 02153 ky eclogite              
 GT11c GT12b GT21c GT22b GT31c GT32b mean sd  GT1rim1 GT1rim2 GT2rim1 GT2rim2 mean sd 
SiO2 41.78 41.86 41.75 42.06 41.94 41.77 41.86 0.12  43.23 42.97 40 37.03 40.75 2.94 
TiO2 0.037 0.057 0.071 0.019 0.067 0.025 0.05 0.02  0.05 0.062 0 0.032 0.05 0.01 
Al2O3 22.46 22.26 22.61 22.36 22.53 22.47 22.45 0.12  25.36 25.38 24 20 23.63 2.53 
FeO 16.94 16.5 16.9 16.68 16.91 16.64 16.76 0.18  11.21 11.13 16 18.53 14.11 3.60 
MnO 0.511 0.51 0.555 0.554 0.485 0.522 0.52 0.03  0.152 0.144 0.2 0.496 0.26 0.16 
MgO 10.13 10.07 10.18 10.17 10.14 10.18 10.15 0.04  3.43 3.38 5.2 10.18 5.54 3.20 
CaO 10.07 10.02 10.19 10.19 10.01 10.5 10.16 0.18  9.9 9.74 7.4 2.65 7.43 3.38 
Na2O 0.06 0.052 0.027 0.044 0.038 0.048 0.04 0.01  1.282 1.51 0.9 0.475 1.03 0.46 
K2O 0 0 0 0 0.017 0.01 0.00 0.01  0.824 0.616 0.7 0.9 0.76 0.12 
ZnO 0.06 0.041 0 0.018 0 0 0.02 0.03  0.019 0 0 0 0.01 0.02 
Cr2O3 0.055 0.073 0.038 0.047 0.06 0.019 0.05 0.02  0.036 0.05 0 0.05 0.05 0.01 
NiO 0 0.024 0.012 0 0 0.01 0.01 0.01  0 0 0 0.014 0.00 0.01 
Total   102.15 101.48 102.43 102.17 102.23 102.21    95.53 95.02 ## 90.40   
































Aliv 0.00 0.00 0.00 0.00 0.00 0.00    0.00 0.00 ## 0.00   
Alvi 1.94 1.93 1.95 1.93 1.94 1.94    2.29 2.30 ## 1.97   
Ti 0.00 0.00 0.00 0.00 0.00 0.00    0.00 0.00 ## 0.00   
Cr 0.00 0.00 0.00 0.00 0.00 0.00    0.00 0.00 ## 0.00   
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.01    0.00 0.00 ## 0.00   
Fe2+ 1.04 1.03 1.03 1.02 1.04 1.01    1.26 1.27 1.40 1.36   
Mn 0.03 0.03 0.03 0.03 0.03 0.03    0.01 0.01 ## 0.03   
Mg 1.11 1.10 1.11 1.11 1.10 1.11    0.37 0.37 ## 1.26   
Ni 0.00 0.00 0.00 0.00 0.00 0.00    0.00 0.00 ## 0.00   
Zn 0.00 0.00 0.00 0.00 0.00 0.00    0.00 0.00 ## 0.00   
Ca 0.79 0.79 0.80 0.80 0.78 0.82    0.77 0.76 0.61 0.24   
































Andradite 0.00 0.00 0.00 0.00 0.00 0.36 0.06 0.15  --- --- --- ---   
Grossular 26.96 27.00 27.17 27.44 26.70 27.79 27.18 0.39  --- --- --- ---   
Pyrope 37.96 38.06 37.92 38.29 37.88 38.04 38.03 0.15  --- --- --- ---   
Spessartine 1.09 1.10 1.17 1.19 1.03 1.11 1.11 0.06  --- --- --- ---   




















         
Classification 






355 Table B.2 (continued) 
 
  
 ROBERTS VICTOR        
 DEJ02 eclogite        
 GT11 GT12 GT2 GT31 GT32 GT41 GT42 mean sd 
SiO2 41.260 40.930 41.320 41.290 40.720 41.420 41.230 41.17 0.25 
TiO2 0.214 0.266 0.244 0.251 0.295 0.250 0.285 0.26 0.03 
Al2O3 22.660 22.550 22.720 22.810 22.990 22.450 22.790 22.71 0.18 
FeO 12.940 13.210 12.820 12.680 12.740 12.990 13.250 12.95 0.22 
MnO 0.312 0.362 0.252 0.299 0.282 0.292 0.357 0.31 0.04 
MgO 15.650 15.110 15.670 16.020 15.750 15.380 15.210 15.54 0.32 
CaO 7.080 6.980 6.890 6.700 6.930 7.100 6.930 6.94 0.13 
Na2O 0.107 0.097 0.134 0.108 0.104 0.094 0.115 0.11 0.01 
K2O 0.000 0.000 0.008 0.000 0.010 0.000 0.000 0.00 0.00 
ZnO 0.042 0.000 0.029 0.000 0.045 0.000 0.000 0.02 0.02 
Cr2O3 0.088 0.066 0.099 0.091 0.085 0.107 0.078 0.09 0.01 
NiO 0.000 0.010 0.000 0.000 0.000 0.000 0.000 0.00 0.00 
Total   100.41 99.60 100.21 100.29 100.01 100.13 100.25   




















Aliv 0.01 0.00 0.00 0.01 0.03 0.00 0.00   
Alvi 1.94 1.95 1.95 1.94 1.94 1.93 1.96   
Ti 0.01 0.01 0.01 0.01 0.02 0.01 0.02   
Cr 0.01 0.00 0.01 0.01 0.00 0.01 0.00   
Fe3+ 0.04 0.03 0.03 0.03 0.03 0.03 0.02   
Fe2+ 0.74 0.78 0.75 0.74 0.75 0.76 0.79   
Mn 0.02 0.02 0.02 0.02 0.02 0.02 0.02   
Mg 1.69 1.65 1.70 1.73 1.71 1.67 1.65   
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Ca 0.55 0.55 0.54 0.52 0.54 0.55 0.54   




















Andradite 2.08 1.46 1.41 1.62 1.54 1.71 1.03 1.55 0.32 
Grossular 16.16 16.80 16.36 15.59 16.45 16.75 16.94 16.44 0.46 
Pyrope 56.87 55.56 57.16 58.10 57.66 56.59 55.56 56.79 0.97 
Spessartine 0.64 0.76 0.52 0.62 0.59 0.61 0.74 0.64 0.08 































356 Table B.2 (continued) 
 
  
 ROBERTS VICTOR       
 DEJ03 eclogite       
 GT11 GT12 GT21 GT22 GT31 GT32 mean sd 
SiO2 41.700 41.580 41.470 41.730 41.160 41.130 41.46 0.26 
TiO2 0.266 0.184 0.216 0.247 0.247 0.242 0.23 0.03 
Al2O3 22.640 22.570 22.670 22.550 22.790 22.790 22.67 0.10 
FeO 14.920 14.020 14.540 13.940 14.120 13.850 14.23 0.41 
MnO 0.401 0.296 0.368 0.285 0.308 0.247 0.32 0.06 
MgO 17.210 17.770 17.250 18.170 17.770 17.860 17.67 0.37 
CaO 3.490 3.570 3.600 3.630 3.610 3.660 3.59 0.06 
Na2O 0.086 0.080 0.078 0.120 0.078 0.108 0.09 0.02 
K2O 0.007 0.000 0.000 0.000 0.008 0.011 0.00 0.00 
ZnO 0.000 0.000 0.000 0.033 0.010 0.007 0.01 0.01 
Cr2O3 0.248 0.264 0.266 0.290 0.238 0.255 0.26 0.02 
NiO 0.000 0.000 0.009 0.021 0.000 0.035 0.01 0.01 
Total   100.87 100.49 100.40 101.15 100.11 100.21   


















Aliv 0.00 0.00 0.00 0.01 0.03 0.02   
Alvi 1.93 1.92 1.93 1.90 1.92 1.92   
Ti 0.01 0.01 0.01 0.01 0.01 0.01   
Cr 0.01 0.02 0.02 0.02 0.01 0.01   
Fe3+ 0.04 0.04 0.03 0.06 0.05 0.04   
Fe2+ 0.86 0.80 0.84 0.78 0.81 0.79   
Mn 0.02 0.02 0.02 0.02 0.02 0.02   
Mg 1.85 1.91 1.86 1.94 1.91 1.93   
Ni 0.00 0.00 0.00 0.00 0.00 0.00   
Zn 0.00 0.00 0.00 0.00 0.00 0.00   
Ca 0.27 0.28 0.28 0.28 0.28 0.28   


















Andradite 1.91 2.24 1.76 3.05 2.36 2.26 2.26 0.45 
Grossular 6.47 6.30 6.85 5.50 6.36 6.54 6.34 0.45 
Pyrope 62.41 64.39 62.53 65.30 64.36 64.73 63.95 1.20 
Spessartine 0.83 0.61 0.76 0.58 0.63 0.51 0.65 0.12 




























357 Table B.2 (continued) 
 
  
 ROBERTS VICTOR       
 DJ0285 eclogite       
 GT11 GT12 GT21 GT22 GT31 GT32 mean sd 
SiO2 40.650 41.200 41.430 41.210 40.320 41.170 41.00 0.42 
TiO2 0.254 0.253 0.273 0.245 0.236 0.279 0.26 0.02 
Al2O3 22.470 22.440 22.370 22.580 22.810 22.400 22.51 0.16 
FeO 14.540 14.260 14.270 14.410 14.440 14.510 14.41 0.12 
MnO 0.354 0.364 0.405 0.478 0.325 0.378 0.38 0.05 
MgO 15.160 15.360 15.440 15.500 15.370 14.990 15.30 0.19 
CaO 6.030 5.850 5.840 5.690 5.960 6.360 5.96 0.23 
Na2O 0.099 0.141 0.088 0.081 0.148 0.145 0.12 0.03 
K2O 0.000 0.007 0.010 0.009 0.013 0.000 0.01 0.01 
ZnO 0.000 0.000 0.048 0.033 0.046 0.000 0.02 0.02 
Cr2O3 0.072 0.115 0.101 0.112 0.080 0.126 0.10 0.02 
NiO 0.000 0.000 0.000 0.053 0.000 0.015 0.01 0.02 
Total   99.67 100.04 100.30 100.43 99.79 100.43   


















Aliv 0.01 0.00 0.00 0.00 0.04 0.00   
Alvi 1.94 1.94 1.92 1.94 1.94 1.93   
Ti 0.01 0.01 0.01 0.01 0.01 0.02   
Cr 0.00 0.01 0.01 0.01 0.00 0.01   
Fe3+ 0.04 0.03 0.03 0.03 0.04 0.04   
Fe2+ 0.85 0.84 0.83 0.84 0.85 0.85   
Mn 0.02 0.02 0.02 0.03 0.02 0.02   
Mg 1.66 1.67 1.68 1.68 1.68 1.63   
Ni 0.00 0.00 0.00 0.00 0.00 0.00   
Zn 0.00 0.00 0.00 0.00 0.00 0.00   
Ca 0.47 0.46 0.46 0.44 0.47 0.50   


















Andradite 1.99 1.48 1.75 1.74 1.91 1.89 1.79 0.18 
Grossular 13.70 13.69 13.45 12.89 13.70 14.56 13.67 0.54 
Pyrope 55.63 56.66 57.00 56.68 56.83 55.15 56.33 0.75 
Spessartine 0.74 0.76 0.85 0.99 0.68 0.79 0.80 0.11 




























358 Table B.2 (continued) 
 
  
 ROBERTS VICTOR         
 DJ0287 eclogite         
 GT11 GT12 GT21 GT22 GT31 GT32 GT41 GT42 mean sd 
SiO2 39.790 39.550 39.410 39.500 39.090 39.980 39.580 39.660 39.57 0.26 
TiO2 0.417 0.428 0.407 0.492 0.346 0.392 0.369 0.363 0.40 0.05 
Al2O3 21.690 21.690 21.770 21.990 21.870 21.450 22.240 22.220 21.87 0.27 
FeO 15.700 15.840 15.160 15.270 15.570 16.040 15.600 15.340 15.57 0.30 
MnO 0.523 0.470 0.379 0.366 0.439 0.526 0.589 0.502 0.47 0.08 
MgO 15.650 15.610 16.700 16.400 15.410 15.610 15.740 16.010 15.89 0.45 
CaO 4.310 4.160 3.770 3.920 4.420 4.170 4.460 4.230 4.18 0.24 
Na2O 0.128 0.143 0.124 0.157 0.120 0.146 0.127 0.102 0.13 0.02 
K2O 0.010 0.000 0.010 0.000 0.006 0.009 0.000 0.000 0.00 0.00 
ZnO 0.000 0.037 0.006 0.000 0.000 0.000 0.050 0.000 0.01 0.02 
Cr2O3 0.261 0.193 0.257 0.214 0.298 0.189 0.241 0.208 0.23 0.04 
NiO 0.000 0.024 0.000 0.022 0.000 0.000 0.010 0.000 0.01 0.01 
Total   98.55 98.18 98.01 98.37 97.64 98.51 99.03 98.70   
Mg# 63.99 63.72 66.26 65.69 63.82 63.43 64.27 65.04 64.53 1.02 
 
          
Si 2.97 2.96 2.94 2.94 2.95 2.98 2.94 2.95   
Aliv 0.03 0.04 0.06 0.06 0.05 0.02 0.06 0.05   
Alvi 1.88 1.88 1.86 1.88 1.89 1.88 1.89 1.90   
Ti 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.02   
Cr 0.02 0.01 0.02 0.01 0.02 0.01 0.01 0.01   
Fe3+ 0.07 0.07 0.09 0.07 0.06 0.08 0.07 0.06   
Fe2+ 0.91 0.92 0.86 0.88 0.92 0.92 0.90 0.89   
Mn 0.03 0.03 0.02 0.02 0.03 0.03 0.04 0.03   
Mg 1.74 1.74 1.86 1.82 1.73 1.74 1.74 1.77   
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Ca 0.34 0.33 0.30 0.31 0.36 0.33 0.35 0.34   






















Andradite 3.59 3.67 4.40 3.67 3.12 4.08 3.36 3.09 3.62 0.45 
Grossular 7.24 7.02 5.08 6.32 8.10 6.59 8.00 7.72 7.01 1.01 
Pyrope 58.63 58.84 63.17 61.89 58.77 58.51 59.28 60.18 59.91 1.74 
Spessartine 1.11 1.01 0.81 0.78 0.95 1.12 1.26 1.07 1.02 0.16 


































359 Table B.2 (continued) 
 
  
 ROBERTS VICTOR      
 R8A garnet-clinopyroxenite      
 GT11 GT12 GT21 GT22 GT31 GT32 mean sd 
SiO2 41.760 41.830 41.580 42.290 41.990 42.110 41.93 0.26 
TiO2 0.177 0.168 0.129 0.200 0.163 0.176 0.17 0.02 
Al2O3 23.080 22.920 23.010 22.840 23.030 23.010 22.98 0.09 
FeO 8.560 8.490 8.550 8.780 8.700 8.750 8.64 0.12 
MnO 0.353 0.334 0.416 0.402 0.366 0.397 0.38 0.03 
MgO 21.060 21.250 21.500 21.140 21.340 21.460 21.29 0.17 
CaO 3.600 3.610 3.670 3.690 3.730 3.710 3.67 0.05 
Na2O 0.037 0.044 0.064 0.052 0.078 0.044 0.05 0.02 
K2O 0.010 0.013 0.010 0.000 0.000 0.010 0.01 0.01 
ZnO 0.000 0.014 0.018 0.007 0.031 0.000 0.01 0.01 
Cr2O3 0.327 0.363 0.343 0.308 0.317 0.296 0.33 0.02 
NiO 0.031 0.000 0.000 0.000 0.009 0.009 0.01 0.01 
Total   99.06 99.05 99.34 99.75 99.77 100.02   
Mg# 81.43 81.69 81.76 81.10 81.39 81.38 81.46 0.24 
 
     






 Si 2.98 2.99 2.96 3.00 2.98 
Aliv 0.02 0.01 0.04 0.00 0.02 0.02   
Alvi 1.93 1.92 1.90 1.91 1.91 1.90   
Ti 0.01 0.01 0.01 0.01 0.01 0.01   
Cr 0.02 0.02 0.02 0.02 0.02 0.02   
Fe3+ 0.04 0.05 0.06 0.05 0.06 0.06   
Fe2+ 0.47 0.46 0.45 0.47 0.46 0.46   
Mn 0.02 0.02 0.03 0.02 0.02 0.02   
Mg 2.24 2.26 2.28 2.24 2.26 2.26   
Ni 0.00 0.00 0.00 0.00 0.00 0.00   
Zn 0.00 0.00 0.00 0.00 0.00 0.00   
Ca 0.28 0.28 0.28 0.28 0.28 0.28   
Total 8.01 8.01 8.03 8.00 8.02 8.02   
 





0.77 Almandine 14.87 14.35 12.61 14.40 13.98 
Andradite 1.89 2.37 3.27 2.59 2.86 3.13 2.68 0.51 
Grossular 6.42 5.85 5.21 5.99 5.76 5.48 5.79 0.42 
Pyrope 75.18 75.73 77.08 75.34 75.76 75.97 75.84 0.67 
Spessartine 0.72 0.68 0.85 0.81 0.74 0.80 0.77 0.07 
Uvarovite 0.93 1.03 0.98 0.87 0.90 0.83 0.92 0.07 
 

























 ROBERTS VICTOR      
 R30 garnet-clinopyroxenite      
 GT11 GT12 GT21 GT22 GT31 GT32 mean sd 
SiO2 40.610 40.850 40.920 41.060 40.820 40.750 40.84 0.15 
TiO2 0.143 0.118 0.130 0.128 0.131 0.123 0.13 0.01 
Al2O3 22.460 22.760 22.700 22.880 22.510 22.700 22.67 0.16 
FeO 14.630 14.920 14.840 15.070 15.000 14.980 14.91 0.16 
MnO 0.243 0.259 0.194 0.247 0.240 0.122 0.22 0.05 
MgO 15.090 15.060 15.050 15.230 15.030 15.010 15.08 0.08 
CaO 5.950 6.010 6.050 6.100 6.020 6.000 6.02 0.05 
Na2O 0.032 0.031 0.041 0.038 0.000 0.031 0.03 0.01 
K2O 0.000 0.000 0.000 0.010 0.014 0.000 0.00 0.01 
ZnO 0.036 0.043 0.026 0.025 0.000 0.021 0.03 0.01 
Cr2O3 0.039 0.000 0.064 0.069 0.035 0.043 0.04 0.02 
NiO 0.000 0.008 0.036 0.041 0.000 0.000 0.01 0.02 
Total   99.28 100.14 100.05 100.93 99.88 99.86   


















Aliv 0.01 0.01 0.01 0.02 0.01 0.01   
Alvi 1.95 1.96 1.95 1.94 1.94 1.96   
Ti 0.01 0.01 0.01 0.01 0.01 0.01   
Cr 0.00 0.00 0.00 0.00 0.00 0.00   
Fe3+ 0.04 0.03 0.03 0.04 0.04 0.03   
Fe2+ 0.87 0.88 0.88 0.88 0.88 0.89   
Mn 0.02 0.02 0.01 0.02 0.01 0.01   
Mg 1.66 1.64 1.64 1.65 1.64 1.64   
Ni 0.00 0.00 0.00 0.00 0.00 0.00   
Zn 0.00 0.00 0.00 0.00 0.00 0.00   
Ca 0.47 0.47 0.47 0.47 0.47 0.47   


















Andradite 1.85 1.69 1.54 2.01 2.05 1.54 1.78 0.22 
Grossular 13.78 14.07 14.15 13.71 13.71 14.11 13.92 0.21 
Pyrope 55.54 54.96 54.93 55.29 55.09 54.91 55.12 0.25 
Spessartine 0.51 0.54 0.40 0.51 0.50 0.25 0.45 0.11 




























361 Table B.2 (continued) 
 
  
 KIMBERLEY              
 DJ0295 garnet-clinopyroxenite             
 GT11 GT14 GT22 GT25 GT32 mean sd  GT12 GT13 GT21 GT23 GT24 GT31 mean sd 
SiO2 38.570 38.910 39.050 39.220 39.060 38.96 0.25  38.390 38.770 38.550 39.050 39.260 38.340 38.73 0.37 
TiO2 0.209 0.203 0.174 0.172 0.246 0.20 0.03  0.082 0.117 0.108 0.146 0.092 0.122 0.11 0.02 
Al2O3 21.860 22.290 22.430 22.240 22.530 22.27 0.26  21.760 21.860 21.960 21.860 22.250 21.930 21.94 0.17 
FeO 13.340 12.770 13.550 13.230 13.160 13.21 0.29  15.740 14.640 15.670 14.910 15.490 14.190 15.11 0.63 
MnO 0.591 0.546 0.607 0.657 0.614 0.60 0.04  0.864 0.572 0.929 0.656 0.866 0.434 0.72 0.20 
MgO 14.690 15.440 14.690 14.880 15.260 14.99 0.34  12.540 12.190 12.670 12.660 12.860 12.090 12.50 0.30 
CaO 7.230 6.780 7.450 7.160 6.680 7.06 0.32  7.670 9.290 7.440 8.640 7.570 9.890 8.42 1.02 
Na2O 0.035 0.036 0.046 0.019 0.029 0.03 0.01  0.062 0.035 0.064 0.054 0.035 0.041 0.05 0.01 
K2O 0.000 0.000 0.000 0.000 0.009 0.00 0.00  0.000 0.010 0.000 0.000 0.000 0.000 0.00 0.00 
ZnO 0.000 0.010 0.007 0.049 0.000 0.01 0.02  0.061 0.007 0.000 0.038 0.024 0.012 0.02 0.02 
Cr2O3 0.185 0.139 0.189 0.139 0.236 0.18 0.04  0.128 0.124 0.109 0.156 0.147 0.210 0.15 0.04 
NiO 0.000 0.022 0.014 0.013 0.022 0.01 0.01  0.013 0.000 0.000 0.029 0.010 0.036 0.01 0.01 
Total   96.78 97.18 98.27 97.82 97.94    97.38 97.65 97.52 98.26 98.62 97.36   
Mg# 66.25 68.31 65.90 66.72 67.39 66.91 0.96  58.68 59.74 59.04 60.21 59.67 60.30 59.61 0.64 










    
 Si 2.93 2.93 2.94    2.94 2.95 2.93  
Aliv 0.07 0.07 0.08 0.06 0.08    0.06 0.05 0.06 0.05 0.05 0.07   
Alvi 1.89 1.91 1.90 1.91 1.91    1.90 1.91 1.92 1.90 1.93 1.90   
Ti 0.01 0.01 0.01 0.01 0.01    0.00 0.01 0.01 0.01 0.01 0.01   
Cr 0.01 0.01 0.01 0.01 0.01    0.01 0.01 0.01 0.01 0.01 0.01   
Fe3+ 0.08 0.07 0.07 0.07 0.05    0.07 0.06 0.06 0.07 0.05 0.07   
Fe2+ 0.77 0.74 0.78 0.76 0.77    0.93 0.87 0.94 0.87 0.93 0.84   
Mn 0.04 0.03 0.04 0.04 0.04    0.06 0.04 0.06 0.04 0.06 0.03   
Mg 1.66 1.73 1.64 1.66 1.70    1.43 1.38 1.44 1.43 1.44 1.38   
Ni 0.00 0.00 0.00 0.00 0.00    0.00 0.00 0.00 0.00 0.00 0.00   
Zn 0.00 0.00 0.00 0.00 0.00    0.00 0.00 0.00 0.00 0.00 0.00   
Ca 0.59 0.55 0.60 0.57 0.54    0.63 0.76 0.61 0.70 0.61 0.81   










8.03 8.05   
            
Almandine 21.84 20.99 22.16 22.46 22.11 21.91 0.56  27.99 26.20 28.29 26.54 28.64 24.39 27.01 1.47 
Andradite 4.04 3.34 3.43 3.33 2.69 3.37 0.48  3.76 3.29 3.12 3.59 2.48 3.43 3.28 0.41 
Grossular 15.48 14.91 16.44 15.81 14.92 15.51 0.65  17.26 22.01 17.22 19.65 17.74 23.56 19.57 2.45 
Pyrope 56.78 59.15 56.08 56.56 58.24 57.36 1.29  48.69 46.87 48.99 48.33 48.83 47.01 48.12 0.86 
Spessartine 1.30 1.19 1.32 1.42 1.33 1.31 0.08  1.91 1.25 2.04 1.42 1.87 0.96 1.57 0.39 










0.44 0.65 0.45 0.10 










































Table B.2 (continued) 362
 
  
 KIMBERLEY      
 DJ0296 garnet-clinopyroxenite      
 GT11 GT12 GT21 GT22 GT31 GT32 GT4 mean sd 
SiO2 39.820 40.050 40.340 40.200 40.200 40.480 39.550 40.09 0.32 
TiO2 0.087 0.098 0.098 0.097 0.107 0.076 0.100 0.09 0.01 
Al2O3 22.670 22.270 22.610 22.590 22.240 22.450 22.700 22.50 0.19 
FeO 14.490 14.420 14.460 14.510 14.300 14.330 14.040 14.36 0.16 
MnO 0.471 0.480 0.503 0.507 0.513 0.483 0.492 0.49 0.02 
MgO 16.320 15.670 16.280 16.150 16.130 16.170 16.270 16.14 0.22 
CaO 4.950 5.050 5.220 4.950 5.030 5.110 4.780 5.01 0.14 
Na2O 0.017 0.033 0.021 0.038 0.014 0.077 0.062 0.04 0.02 
K2O 0.010 0.007 0.012 0.000 0.000 0.000 0.000 0.00 0.01 
ZnO 0.016 0.020 0.000 0.023 0.011 0.015 0.010 0.01 0.01 
Cr2O3 0.146 0.176 0.188 0.167 0.179 0.198 0.195 0.18 0.02 
NiO 0.013 0.017 0.000 0.012 0.000 0.000 0.009 0.01 0.01 
Total   99.01 98.32 99.76 99.26 98.77 99.42 98.23   
Mg# 66.75 65.95 66.74 66.49 66.78 66.79 67.38 66.70 0.43 
          
Si 2.94 2.98 2.95 2.96 2.97 2.97 2.94   
Aliv 0.06 0.02 0.05 0.04 0.03 0.03 0.06   
Alvi 1.92 1.93 1.91 1.92 1.91 1.92 1.93   
Ti 0.00 0.01 0.01 0.01 0.01 0.00 0.01   
Cr 0.01 0.01 0.01 0.01 0.01 0.01 0.01   
Fe3+ 0.06 0.05 0.06 0.05 0.06 0.06 0.05   
Fe2+ 0.83 0.85 0.82 0.84 0.82 0.82 0.83   
Mn 0.03 0.03 0.03 0.03 0.03 0.03 0.03   
Mg 1.80 1.74 1.78 1.77 1.78 1.77 1.80   
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Zn 0.00 0.00 0.00 0.00 0.00 0.00 0.00   
Ca 0.39 0.40 0.41 0.39 0.40 0.40 0.38   
Total 8.04 8.02 8.03 8.03 8.02 8.02 8.04   
          
Almandine 24.58 27.15 24.92 25.85 25.70 25.92 24.67 25.54 0.90 
Andradite 3.24 2.29 3.25 2.76 3.12 2.80 2.34 2.83 0.40 
Grossular 9.64 10.70 10.06 9.94 9.76 10.15 10.03 10.04 0.34 
Pyrope 61.10 58.33 60.16 59.89 59.81 59.55 61.32 60.02 1.00 
Spessartine 1.00 1.02 1.06 1.07 1.08 1.01 1.05 1.04 0.03 
Uvarovite 0.43 0.52 0.55 0.49 0.53 0.58 0.58 0.53 0.05 























363 Table B.2 (continued) 
 
  
 BULTFONTEIN             
 713 garnet-websterite     B21 garnet-websterite      
 GT11 GT12 GT21 GT22 sd mean  GT11 GT12 GT21 GT22 GT31 GT32 mean sd 
SiO2 41.520 41.490 40.810 41.180 0.33 41.25  40.890 41.240 40.980 40.870 41.100 40.870 40.99 0.15 
TiO2 0.109 0.090 0.042 0.086 0.03 0.08  0.195 0.218 0.159 0.204 0.238 0.230 0.21 0.03 
Al2O3 22.090 22.230 22.410 22.200 0.13 22.23  19.270 19.180 20.060 19.620 19.580 19.800 19.59 0.33 
FeO 8.200 8.280 8.090 8.270 0.09 8.21  10.790 11.050 10.970 10.750 11.060 11.120 10.96 0.15 
MnO 0.389 0.403 0.497 0.375 0.06 0.42  0.590 0.550 0.574 0.506 0.534 0.610 0.56 0.04 
MgO 20.440 20.490 20.740 20.860 0.20 20.63  17.770 17.780 18.270 18.150 18.430 18.690 18.18 0.36 
CaO 4.690 4.750 4.510 4.600 0.10 4.64  5.480 5.530 4.950 5.120 5.100 5.100 5.21 0.23 
Na2O 0.016 0.016 0.034 0.000 0.01 0.02  0.056 0.048 0.033 0.050 0.063 0.041 0.05 0.01 
K2O 0.009 0.017 0.000 0.014 0.01 0.01  0.000 0.000 0.010 0.000 0.000 0.000 0.00 0.00 
ZnO 0.000 0.012 0.000 0.023 0.01 0.01  0.000 0.030 0.014 0.000 0.000 0.036 0.01 0.02 
Cr2O3 1.680 1.720 1.810 1.800 0.06 1.75  4.710 4.790 4.050 4.240 4.510 4.460 4.46 0.28 
NiO 0.000 0.000 0.000 0.000 0.00 0.00  0.014 0.008 0.000 0.000 0.000 0.000 0.00 0.01 
Total   99.20 99.57 98.98 99.44    99.80 100.50 100.12 99.54 100.62 101.00   
Mg# 81.63 81.52 82.05 81.80 0.23 81.75  74.59 74.15 74.80 75.06 74.81 74.97 74.73 0.33 
 
               
Si 2.98 2.97 2.94 2.95    2.99 3.00 2.98 2.99 2.98 2.95   
Aliv 0.02 0.03 0.06 0.05    0.01 0.00 0.02 0.01 0.02 0.05   
Alvi 1.85 1.85 1.84 1.83    1.66 1.65 1.70 1.68 1.65 1.64   
Ti 0.01 0.00 0.00 0.00    0.01 0.01 0.01 0.01 0.01 0.01   
Cr 0.10 0.10 0.10 0.10    0.27 0.28 0.23 0.25 0.26 0.25   
Fe3+ 0.04 0.04 0.05 0.06    0.05 0.06 0.05 0.05 0.06 0.08   
Fe2+ 0.45 0.45 0.44 0.44    0.61 0.62 0.62 0.61 0.61 0.59   
Mn 0.02 0.02 0.03 0.02    0.04 0.03 0.04 0.03 0.03 0.04   
Mg 2.19 2.19 2.23 2.23    1.94 1.93 1.98 1.98 1.99 2.01   
Ni 0.00 0.00 0.00 0.00    0.00 0.00 0.00 0.00 0.00 0.00   
Zn 0.00 0.00 0.00 0.00    0.00 0.00 0.00 0.00 0.00 0.00   
Ca 0.36 0.36 0.35 0.35    0.43 0.43 0.39 0.40 0.40 0.39   
































Andradite 2.13 2.23 2.36 2.95 0.37 2.42  0.72 0.61 1.23 1.14 0.29 0.43 0.74 0.38 
Grossular 5.18 5.12 4.22 3.83 0.67 4.59  0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
Pyrope 73.39 73.62 75.76 75.51 1.24 74.57  66.32 66.53 66.80 67.35 68.54 68.84 67.40 1.06 
Spessartine 0.79 0.82 1.03 0.77 0.12 0.85  1.25 1.17 1.19 1.07 1.13 1.28 1.18 0.08 
Uvarovite 4.80 4.92 5.26 5.18 0.22 5.04  13.99 14.26 11.78 12.52 13.34 13.07 13.16 0.92 
 
               
Classification 






364 Table B.2 (continued) 
 
  
MALAITA  KAKANUI            HAWAII           
RG01 Si4+ Al+Cr  109647-7 Si4+ Al+Cr  20271 Si4+ Al+Cr  114762-1 Si4+ Al+Cr   Si4+ Al+Cr 
GT11 2.974 1.931  GT11c 3.032 1.934  MGT11c 3.324 1.242  GT11m 3.020 1.949  OPX(1)1 3.682 0.466 
GT12 2.999 1.898  GT12b 3.034 1.908  MGT12b 3.295 1.257  GT12b 3.016 1.941  OPX(1)2 3.684 0.461 
GT2 2.943 1.945  GT21c 3.061 1.900  MGT21c 3.354 1.244  GT21m 3.014 1.948  OPX(2)1 3.630 0.563 
GT31 2.950 1.948  GT22b 3.045 1.918  MGT22b 3.340 1.224  GT22b 3.040 1.907  OPX(2)2 3.697 0.477 
GT32 2.986 1.909  GT3 3.041 1.925  MGT23b 3.313 1.249  GT31c 3.030 1.921  OPX(3)1 3.719 0.360 
GT4 2.963 1.945  GT41c 3.027 1.929  MGT31c 3.298 1.288  GT32m 3.054 1.924  OPX(3)2 3.737 0.324 
mean 2.969 1.929  GT42b 3.058 1.930  MGT32b 3.277 1.275  GT33b 3.052 1.921  OPX11c 3.767 0.310 
sd 0.021 0.021  GT51m 3.025 1.951  MGT41c 3.301 1.265  GT41 3.049 1.767  OPX12b 3.761 0.312 
    GT52b 3.055 1.929  MGT42b 3.292 1.265  GT42 3.014 1.950  OPX12m 3.763 0.306 
CPX11 3.803 0.469  GT6 3.052 1.925  MGT51c 3.269 1.298  GT51 3.044 1.932  OPX(6)1 3.701 0.451 
CPX12 3.809 0.479  mean 3.043 1.925  MGT52b 3.304 1.287  GT52 3.021 1.946  OPX(6)2 3.689 0.465 
CPX21 3.820 0.463  sd 0.013 0.014  mean 3.306 1.263  mean 3.032 1.919  mean 3.712 0.409 
CPX22 3.834 0.458      sd 0.025 0.023  sd 0.016 0.052  sd 0.042 0.089 
CPX31 3.855 0.455  CPX1c 3.780 0.577             
CPX32 3.832 0.458  CPX21c 3.770 0.578  CPX11c 3.822 0.731  CPX11c 3.704 0.701     
CPX41 3.817 0.468  CPX22b 3.766 0.580  CPX12b 3.824 0.707  CPX12b 3.759 0.593     
CPX42 3.802 0.461  CPX31c 3.747 0.624  CPX13cn 3.852 0.698  CPX21c 3.679 0.741     
CPX5 3.826 0.456  CPX32b 3.741 0.632  CPX21c 3.831 0.686  CPX22b 3.758 0.589     
CPXinc11 3.797 0.467  mean 3.761 0.598  CPX21b 3.861 0.704  CPX31c 3.707 0.717     
CPXinc12 3.822 0.465  sd 0.017 0.027  CPX31c 3.851 0.682  CPX32b 3.781 0.547     
mean 3.820 0.463      CPX32b 3.820 0.709  CPX41c 3.743 0.585     
sd 0.017 0.007      mean 3.837 0.703  CPX42b 3.801 0.517     
        sd 0.017 0.016  CPX51c 3.772 0.589     
OPXinc11 3.761 0.310          CPX52b 3.842 0.484     
OPXinc12 3.755 0.308      CPX1alt1 3.761 0.294  CPX61c 3.742 0.606     
mean 3.758 0.309      CPX1alt2 3.745 0.388  CPX62b 3.754 0.623     
sd 0.004 0.002      CPX3alt1 3.785 0.310  mean 3.753 0.608     
        CPX3alt2 3.682 0.468  sd 0.044 0.078     
        mean 3.743 0.365         






Table B.3 – Si4+ and (Al + Cr) per formula unit on the basis of 4 oxygen. 365
 
  
HAWAII              CHINO VALLEY            
114694-17 Si4+ Al+Cr   Si4+ Al+Cr  13-91-5 Si4+ Al+Cr  12-97-100 Si4+ Al+Cr  117200-144 Si4+ Al+Cr 
GT11c 3.043 1.935  OPX(1)1 3.723 0.431  GT11 2.928 1.996  GT11 2.987 1.995  GT11c 2.981 1.934 
GT12b 3.024 1.932  OPX(1)2 3.697 0.416  GT12 2.959 1.971  GT12 2.997 2.005  GT12b 2.971 1.941 
GT21c 3.039 1.932  OPX(2) 3.739 0.362  GT21 2.968 1.968  GT13 3.006 1.993  GT21c 2.977 1.939 
GT22b 3.043 1.923  OPX(3)1 3.702 0.432  GT22 2.937 1.988  GT21 2.999 1.983  GT22b 2.974 1.941 
GT2rim1 3.041 1.943  OPX(3)2 3.749 0.339  GT23 2.939 1.989  GT22 2.970 2.002  GT31c 2.986 1.921 
GT2rim2 3.042 1.939  OPX(4)1 3.752 0.376  GT31 2.945 1.993  GT31 2.974 1.994  GT32b 2.971 1.945 
GT31c 3.039 1.917  OPX(4)2 3.721 0.424  GT32 2.943 1.979  GT32 3.003 1.985  mean 2.977 1.937 
GT32b 3.025 1.930  mean 3.726 0.397  GT33 2.968 1.973  mean 2.991 1.994  sd 0.006 0.008 
GT3rim1 3.039 1.952  sd 0.022 0.038  mean 2.948 1.982  sd 0.014 0.008     
GT3rim2 3.074 1.913      sd 0.015 0.011      CPX11c 3.906 0.240 
GT41m 3.027 1.932          CPX11 4.107 1.265  CPX12b 3.905 0.277 
GT42b 3.053 1.913      CPX11 3.857 0.144  CPX12 4.048 1.540  CPX21c 3.943 0.261 
GT4rim1 3.114 1.881      CPX12 3.870 0.141  CPX21 4.088 1.307  CPX22b 3.919 0.315 
GT4rim2 3.065 1.925      CPX13 3.868 0.144  CPX22 4.111 1.242  CPX31c 3.905 0.266 
mean 3.048 1.926      CPX21 3.847 0.142  CPX31 4.124 1.154  CPX32b 3.922 0.307 
sd 0.024 0.017      CPX22 3.860 0.155  CPX41 4.052 1.326  CPX41c 3.911 0.274 
        CPX23 3.885 0.131  CPX51 4.081 1.361  CPX42b 3.879 0.309 
CPX11c 3.760 0.673      CPX31 3.846 0.175  CPX61 4.088 1.297  CPX51c 3.838 0.362 
CPX12b 3.802 0.570      CPX32 3.839 0.189  CPX71 4.076 1.343  CPX52b 3.907 0.277 
CPX21c 3.807 0.579      CPX33 3.839 0.151  CPX81 4.118 1.220  CPX61c 3.894 0.297 
CPX22b 3.816 0.536      mean 3.857 0.152  mean 4.089 1.306  CPX62b 3.889 0.300 
CPX31c 3.703 0.673      sd 0.016 0.018  sd 0.026 0.103  CPX71c 3.873 0.263 
CPX32b 3.797 0.534              CPX72b 3.895 0.291 
CPX41c 3.753 0.663              CPX81c 3.911 0.304 
CPX42b 3.794 0.563              CPX82b 3.902 0.276 
CPX51c 3.806 0.575              mean 3.900 0.289 
CPX52b 3.809 0.534              sd 0.023 0.029 
mean 3.785 0.590                 











 CHINO VALLEY   ROODEKRAAL      




117200-141 Si4+ Al+Cr  JAR 42163 Si4+ Al+Cr   Si4+ Al+Cr  JAR 42313 Si4+ Al+Cr 
GT11c 3.043 1.920  GT11c 3.022 1.971  CPX1alt1 3.973 0.329  GT11c 2.935 1.975 
GT12b 3.040 1.954  GT12b 3.010 1.984  CPX1alt2 3.952 0.355  GT12b 2.940 1.994 
GT21c 3.043 1.935  GT21c 3.016 1.978  CPX2alt1 3.874 0.552  GT21c 2.907 2.004 
GT22b 3.020 1.959  GT22b 3.008 1.990  CPX2alt2 3.933 0.341  GT22b 2.918 1.978 
GT31c 3.046 1.934  GT31c 2.922 2.038  mean 3.933 0.394  GT31c 2.924 1.984 
GT32b 3.032 1.959  GT32b 2.920 2.058  sd 0.043 0.106  GT32b 2.919 1.989 
mean 3.037 1.943  GT41c 3.066 1.933      mean 2.924 1.987 
sd 0.010 0.016  GT42b 3.049 1.955      sd 0.012 0.011 
    GT51c 3.043 1.946         
CPX11c 4.026 0.672  GT52b 3.043 1.965      CPX11c 3.918 0.858 
CPX12b 4.013 0.651  GTinc11 3.031 1.968      CPX12b 3.935 0.871 
CPX21c 4.039 0.650  GTinc12 3.044 1.967      CPX21c 3.927 0.928 
CPX22b 4.009 0.660  mean 3.014 1.979      CPX22b 3.927 0.926 
CPX31c 4.021 0.659  sd 0.047 0.036      CPX31c 3.909 0.906 
CPX32b 4.029 0.652          CPX32b 3.965 0.878 
mean 4.023 0.658  CPX11c 4.013 0.588      mean 3.930 0.895 
sd 0.011 0.008  CPX12b 3.997 0.619      sd 0.019 0.030 
    CPX21c 4.027 0.600         
CPX41c 3.916 0.502  CPX22b 4.021 0.604      CPX2rim1 3.829 2.046 
CPX42b 3.802 0.697  CPX31c 4.011 0.584      CPX2rim2 3.899 1.990 
CPX51m 3.881 0.559  CPX32b 4.020 0.609      CPX3rim1 3.992 1.906 
CPX52b 3.861 0.576  CPX41c 4.019 0.595      CPX3rim2 4.033 1.861 
mean 3.865 0.584  CPX42b 4.030 0.607      mean 3.938 1.951 
sd 0.048 0.082  CPX51c 4.048 0.556      sd 0.092 0.083 
    CPX52b 4.030 0.592         
    CPX6n11 4.003 0.621         
    CPX6n12 4.027 0.606         
    mean 4.020 0.598         
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ROODEKRAAL             JACHTFONTEIN          
RDK1 Si4+ Al+Cr  RDK2 Si4+ Al+Cr  JAR 20093 Si4+ Al+Cr   Si4+ Al+Cr  JAR 20113 Si4+ Al+Cr 
GT11c 2.922 2.030  GT11c 3.003 1.974  GT12b 2.975 1.975  CPX1alt1 3.756 0.321  GT11c 3.024 1.969 
GT12c 3.013 1.988  GT12b 2.982 1.983  GT11c 3.017 1.928  CPX1alt3 3.711 0.372  GT12b 3.045 1.963 
GT13b 3.015 1.984  GT21c 2.980 1.983  GT21c 2.886 1.974  CPX1alt2 3.715 0.527  GT21c 3.050 1.954 
GT21c 2.937 2.003  GT22b 2.986 1.995  GT22b 2.999 1.979  CPX1alt4 3.604 0.560  GT22b 3.027 1.984 
GT22b 2.946 1.997  GT31c 2.917 2.018  GT23b 2.911 1.967  CPX4alt1 3.829 0.467  GT31c 3.043 1.967 
GT31c 2.953 2.002  GT32b 2.979 1.983  GT31c 2.923 1.964  CPX4alt2 3.829 0.513  GT32b 3.060 1.945 
GT32b 2.940 2.009  mean 2.975 1.989  GT32b 2.863 2.007  mean 3.741 0.460  mean 3.041 1.964 
mean 2.961 2.002  sd 0.029 0.016  GT41c 2.912 1.966  sd 0.085 0.094  sd 0.014 0.013 
sd 0.038 0.015      GT42b 2.921 1.987         
    CPX1nc 4.016 0.374  mean 2.934 1.972      CPX11c 4.067 0.816 
CPX11c 3.935 0.459  CPX1nb 3.972 0.426  sd 0.052 0.021      CPX12b 4.061 0.813 
CPX12b 3.961 0.409  CPX1balt1 4.000 0.378          CPX21c 4.051 0.836 
CPX1exs1 3.941 0.441  CPX1bal2 3.999 0.366  CPX11c 3.849 0.403      CPX22b 4.062 0.817 
CPX1exs2 3.958 0.429  CPX2nc 4.012 0.367  CPX11b 3.819 0.509      CPX31c 4.041 0.808 
CPX21c 3.991 0.378  CPX2nb 4.021 0.384  CPX12b 3.857 0.518      CPX32b 4.041 0.831 
CPX22b 3.980 0.332  CPX2b 3.968 0.382  CPX12bn 3.842 0.433      CPX41c 4.055 0.820 
CPX31c 3.996 0.375  CPX31c 4.024 0.393  CPX21c 3.846 0.373      CPX41b 4.045 0.826 
CPX32b 4.014 0.328  CPX32b 4.000 0.398  CPX22b 3.859 0.420      mean 4.053 0.821 
CPX41C 3.921 0.457  CPX41c 4.013 0.379  CPX31c 3.865 0.417      sd 0.010 0.009 
CPX42b 3.984 0.368  CPX42b 3.992 0.422  CPX32b 3.857 0.476         
CPX5 3.974 0.299  CPX51c 3.996 0.387  CPX32m 3.947 0.382         
mean 3.969 0.389  CPX52b 4.004 0.385  CPX42b 3.846 0.431         
sd 0.028 0.055  mean 4.001 0.388  mean 3.859 0.436         
    sd 0.017 0.018  sd 0.033 0.050         









JACHTFONTEIN                       
JAR 20263 Si4+ Al+Cr   Si4+ Al+Cr  JAR 20273 Si4+ Al+Cr   Si4+ Al+Cr 
GT11c 2.942 2.019  CPX1alt1 4.006 0.599  GT11c 3.026 1.958  CPX2alt1 3.969 0.252 
GT12b 2.934 2.051  CPX1alt2 3.909 0.754  GT12b 3.026 1.963  CPX2alt2 3.989 0.394 
GT21b 2.979 2.004  CPX1alt3 4.017 0.565  GT21c 3.011 1.976  CPX3alt1 3.984 0.420 
GT22c 2.945 2.029  CPX2alt1 3.995 0.287  GT22b 3.014 1.979  CPX3alt2 3.993 0.380 
GT31c 2.939 2.043  CPX3alt1 3.870 0.781  GT31c 3.023 1.973  mean 3.984 0.361 
GT32b 2.963 2.008  CPX3alt2 3.860 0.781  GT32b 3.022 1.971  sd 0.010 0.075 
mean 2.950 2.026  CPX3alt3 3.894 0.842  GTinc11 3.042 1.948     
sd 0.017 0.019  mean 3.936 0.658  GTinc12 3.039 1.947  OPXpq11c 3.899 0.079 
    sd 0.068 0.193  mean 3.025 1.964  OPXpq12c 3.891 0.083 
CPX1n1c 4.057 0.864      sd 0.011 0.013  OPXpq13b 3.903 0.086 
CPX1n1b 3.993 0.843          OPXpq14b 3.894 0.082 
CPX1n2c 4.011 0.842      CPX11c 4.112 0.734  mean 3.897 0.082 
CPX1n2b 4.082 0.841      CPX12b 4.123 0.716  sd 0.005 0.003 
CPX2n1c 4.010 0.896      CPX1pq1 4.134 0.715     
CPX2n1b 3.970 0.916      CPX1pq2 4.126 0.703     
CPX32c 4.013 0.902      CPX2n1 4.120 0.706     
CPX31b 4.011 0.974      CPX2n2 4.124 0.708     
mean 4.018 0.885     
   
 CPX2pq1 4.149 0.714     
sd 0.035 0.047      CPX22b 4.137 0.725     
        CPX2pq2 4.140 0.713     
        CPX31c 4.135 0.718     
        mean 4.130 0.715     
        sd 0.011 0.009     
               
               
               
               










LOVEDALE                           
JAR 02073 Si4+ Al+Cr   Si4+ Al+Cr  JAR 02093 Si4+ Al+Cr   Si4+ Al+Cr 
GT11c 2.972 1.991  CPX1alt1 3.904 0.863  GT11c 3.015 1.965  CPX3alt1 3.916 0.450 
GT12b 2.962 1.995  CPX1alt2 3.911 0.854  GT12b 3.042 1.945  CPX3alt2 3.932 0.461 
GT21c 2.965 1.992  CPX2alt1 3.796 0.748  GT21c 3.040 1.919  mean 3.924 0.455 
GT22b 3.002 1.967  CPX2alt2 3.713 0.758  GT22b 3.020 1.941  sd 0.012 0.008 
GT31c 2.974 1.988  CPX3alt1 3.924 0.680  GT31c 3.002 1.967     
GT32b 2.966 1.996  CPX3alt2 3.850 0.608  GT32b 3.047 1.940     
mean 2.974 1.988  mean 3.850 0.752  mean 3.028 1.946     
sd 0.015 0.011  sd 0.082 0.098  sd 0.018 0.018     
               
CPX1n1c 4.044 0.916      CPX11c 4.150 0.844     
CPX1n1b 4.051 0.922      CPX12b 4.156 0.847     
CPX21c 4.029 0.925      CPX21c 4.151 0.854     
CPX21b 4.041 0.917      CPX22b 4.157 0.847     
CPX31c 4.049 0.912      CPX31c 4.161 0.836     
CPX32b 4.057 0.958      CPX32b 4.156 0.848     
CPX41c 3.980 0.905      mean 4.155 0.846     
CPX42b 3.976 0.934      sd 0.004 0.006     
mean 4.028 0.924             
sd 0.032 0.017             
               
               
               









LOVEDALE                   
JAR 02023 Si4+ Al+Cr   Si4+ Al+Cr  JAR 02153 Si4+ Al+Cr 
GT11c 3.065 1.922  CPX1alt 4.033 0.342  GT11c 3.058 1.941 
GT12b 3.053 1.937  CPX1rim1 3.841 0.601  GT12b 3.073 1.933 
GT21c 3.042 1.937  CPX1rim2 4.104 0.762  GT21c 3.048 1.948 
GT22b 3.063 1.921  CPX2alt1 3.908 0.343  GT22b 3.072 1.928 
GT31c 3.048 1.942  CPX2alt2 3.936 0.535  GT31c 3.061 1.943 
GT32b 3.042 1.969  CPX2rim 3.860 0.599  GT32b 3.053 1.938 
mean 3.052 1.938  CPX3alt1 3.966 0.522  mean 3.061 1.939 
sd 0.010 0.017  CPX4 3.930 0.370  sd 0.010 0.007 
    mean 3.947 0.509     
CPX11c 4.100 0.756  sd 0.087 0.149  CPX1n1 4.027 1.125 
CPX12c 4.105 0.762      CPX1n2 4.020 1.131 
CPX21b 4.111 0.745      CPX1n3 4.019 1.134 
CPX32c 4.139 0.768      CPX2n1 4.018 1.128 
CPX31b 4.128 0.762      CPX2n2 4.016 1.126 
mean 4.117 0.758      CPX2n3 4.002 1.144 
sd 0.016 0.009      CPX3n1 4.021 1.122 
        CPX3n2 4.034 1.119 
        CPX3n3 4.017 1.125 
        mean 4.019 1.128 
        sd 0.009 0.008 









ROBERTS VICTOR                          
DEJ02 Si4+ Al+Cr  DEJ03 Si4+ Al+Cr  DJ0285 Si4+ Al+Cr  DJ0287 Si4+ Al+Cr   Si4+ Al+Cr 
GT11 2.995 1.947  GT11 3.004 1.939  GT11 2.987 1.954  GT11 2.968 1.928  CPXinc3 3.763 0.369 
GT12 2.999 1.954  GT12 3.001 1.939  GT12 3.011 1.942  GT12 2.962 1.932  CPXinc4 3.836 0.214 
GT2 3.002 1.953  GT21 2.999 1.950  GT21 3.017 1.929  GT21 2.942 1.938  CPXinc5 3.621 0.633 
GT31 2.993 1.957  GT22 2.992 1.927  GT22 3.001 1.947  GT22 2.942 1.949  CPXinc7 3.884 0.306 
GT32 2.967 1.982  GT31 2.975 1.959  GT31 2.962 1.983  GT31 2.946 1.965  CPXinc8 3.821 0.228 
GT41 3.014 1.934  GT32 2.975 1.961  GT32 3.005 1.938  GT32 2.983 1.904  CPXinc10 3.850 0.243 
GT42 3.000 1.961  mean 2.991 1.946  mean 2.997 1.949  GT41 2.939 1.966  mean 3.796 0.332 
mean 2.996 1.956  sd 0.013  
 
 0
0.013  sd 0.020 0.019  GT42 2.948 1.964  sd 0.094 0.158 
sd 0.014 0.015          mean 2.954 1.943     
    CPX11 4.067 0.622  CPX1 3.891 0.471  sd 0.016 0.022  OPXinc11 3.597 0.365 
CPX11c 4.096 0.902  CPX12 4.155 0.454  CPX2 3.887 0.588      OPXinc12 3.551 0.400 
CPX12c 4.109 0.888  CPX13 3.947 0.410  CPX3 3.930 0.506  CPX11 3.978 0.549  mean 3.574 0.383 
CPX13b11 4.118 0.877  CPX14 3.813 0.601  mean 3.903 0.522  CPX12 3.981 0.521  sd 0.032 
 
0.024 
 CPX21c 4.120 0.878  CPX21 4.072 0.621  sd 0.023 0.060  CPX21 3.980 0.531   
CPX22c 4.094 0.902  CPX22 4.122 0.505      CPX22 3.998 0.523     
mean 4.107 0.890  CPX23 3.858 0.628      CPX31 3.976 0.552     
sd 0.012 0.012  CPX24 3.998 0.617      CPX32 3.969 0.538     
    CPX31 4.039 0.629      CPXinc1 3.954 0.524     
CPX14b12 3.839 0.734  CPX32 4.163 0.387      CPXinc2 3.975 0.525     
CPX15b21 3.654 0.869  CPX33 3.912 0.409      CPXinc6 3.964 0.538     
CPX16b22 3.829 0.563  mean 4.013 0.535      CPXinc9 3.958 0.541     
CPX23b 3.936 0.706  sd 0.118 0.102      mean 3.973 0.534     
CPX23b 3.932 0.680          sd 0.013 0.011     
mean 3.838 0.710                 
sd .114 0.110                 










 ROBERTS VICTOR          
     
KIMBERLEY 
    
R8A Si4+ Al+Cr   Si4+ Al+Cr  R30 Si4+ Al+Cr  DJ0295 Si4+ Al+Cr  DJ0296 Si4+ Al+Cr 
GT11 2.983 1.965  CPX71 3.794 2.274  GT11 2.995 1.952  GT11 2.927 1.973  GT11 2.938 1.985 
GT12 2.985 1.952  CPX72 3.794 2.277  GT12 2.990 1.968  GT12 2.937 1.976  GT12 2.978 1.966 
GT21 2.963 1.957  CPX81 3.825 2.230  GT21 2.994 1.964  GT13 2.948 1.972  GT21 2.955 1.968 
GT22 3.000 1.931  CPX82 3.817 2.239  GT22 2.982 1.966  GT14 2.926 1.989  GT22 2.959 1.974 
GT31 2.979 1.948  CPX91 3.825 2.232  GT31 2.994 1.957  GT21 2.940 1.985  GT31 2.971 1.953 
GT32 2.980 1.941  CPX92 3.848 2.197  GT32 2.990 1.966  GT22 2.921 1.994  GT32 2.973 1.960 
mean 2.982 1.949  mean 3.817 2.242  mean 2.991 1.962  GT23 2.950 1.962  GT4 2.939 2.004 
sd 0.012 0.012  sd 0.019 0.027  sd 0.005 0.006  GT24 2.954 1.986  mean 2.959 1.973 
            GT25 2.939 1.978  sd 0.016 0.017 
CPX11 4.007 0.328      CPX11 3.791 0.435  GT31 2.926 1.991     
CPX12 3.987 0.328      CPX12 3.824 0.293  GT32 2.922 2.005  CPX11 3.939 0.311 
CPX21 3.995 0.326      CPX22 3.875 0.359  mean 2.935 1.983  CPX12 3.933 0.351 
CPX22 4.004 0.324      CPX31 3.995 0.240  sd 0.012 0.012  CPX2 3.944 0.309 
CPX31 4.032 0.317      CPX32 3.911 0.368      CPX31 3.950 0.310 
CPX32 4.030 0.318      mean 3.879 0.339  CPX11 3.926 0.537  CPX32 3.943 0.333 
CXP4 3.959 0.209      sd 0.080 0.075  CPX12 3.910 0.544  mean 3.942 0.323 
CPX51 3.956 0.215          CPX21 3.919 0.536  sd 0.006 0.019 
CPX52 3.960 0.238      CPX21 4.058 0.670  CPX22 3.907 0.534     
CPX53 3.959 0.224      CPX4 4.066 0.742  CPX31 3.904 0.532     
CPX61 3.972 0.192      mean 4.062 0.706  CPX32 3.892 0.544     
CPX62 3.969 0.181      sd 0.006 0.051  CPXinc1 3.904 0.546     
mean 3.986 0.267          mean 3.909 0.539     
sd 0.026 0.058          sd 0.011 0.006     
                   
            CPX33 3.892 0.183     
            CPX34 3.774 0.258     
            mean 3.833 0.220     










BULTFONTEIN               
713 Si4+ Al+Cr  B21 Si4+ Al+Cr   Si4+ Al+Cr 
GT11 2.979 1.967  GT11 2.992 1.938  OPX11 3.877 0.068 
GT12 2.969 1.976  GT12 3.000 1.924  OPX12 3.862 0.074 
GT21 2.938 2.008  GT21 2.980 1.956  OPX2 3.887 0.077 
GT22 2.949 1.981  GT22 2.989 1.940  OPX31 3.873 0.075 
mean 2.959 1.983  GT31 2.978 1.935  OPX32 3.865 0.071 
sd 0.019 0.018  GT32 2.953 1.946  OPX41 3.868 0.068 
    mean 2.982 1.940  OPX42 3.868 0.069 
CPX1 3.953 0.340  sd 0.016 0.011  mean 3.871 0.072 
CPX2 3.956 0.349      sd 0.008 0.004 
CPX3 3.969 0.334  CPX11 3.979 0.356     
CPX4 3.961 0.336  CPX12 3.986 0.355     
mean 3.960 0.340  CPX21 3.998 0.357     
sd 0.007 0.006  CPX22 3.989 0.358     
    CPX31 3.984 0.346     
CPX5 3.855 0.196  CPX32 3.978 0.338     
CPX6 3.868 0.196  mean 3.986 0.352     
CPX7 3.862 0.208  sd 0.007 0.008     
mean 3.862 0.200         
sd 0.006 0.007         
           
OPX11 3.861 0.072         
OPX12 3.876 0.072         
OPX21 3.875 0.090         
OPX22 3.851 0.072         
mean 3.866 0.077         
sd 0.012 0.009         
           

















KAKANUI             
109647-7              
  AMPH1 AMPH2 AMPH31c AMPH32b AMPH41c AMPH42b AMPH51 AMPH52 AMPH61  Mean sd 
SiO2  43.33 43.3 43.08 43.23 43.08 43.34 43.67 43.12 43.01  43.24 0.20 
TiO2  4.59 4.62 4.36 4.4 4.56 4.42 4.6 4.58 4.68  4.53 0.11 
Al2O3  14.21 14.23 13.87 13.91 13.74 13.66 13.71 14.24 14.15  13.97 0.24 
FeO  9.59 9.72 9.51 9.42 9.57 9.53 9.7 9.55 9.54  9.57 0.09 
MnO  0.068 0.137 0.041 0.103 0.105 0.086 0.112 0.077 0.105  0.09 0.03 
MgO  13.89 13.94 13.59 13.68 13.52 13.63 13.66 13.76 13.53  13.69 0.15 
CaO  9.98 9.76 9.82 9.86 9.74 9.64 9.82 9.91 9.85  9.82 0.10 
Na2O  3.45 3.44 3.57 3.45 3.47 3.36 3.5 3.56 3.41  3.47 0.07 
K2O  0.931 0.945 0.965 0.906 0.967 0.986 0.927 0.953 1.003  0.95 0.03 
ZnO  0 0.027 0.012 0.01 0.01 0.014 0 0 0  0.01 0.01 
Cr2O3  0.023 0.019 0.107 0.135 0.126 0.154 0.155 0.144 0.162  0.11 0.06 
NiO  0.034 0.027 0.028 0.031 0.042 0.035 0.077 0.021 0.014  0.03 0.02 
Structural formulae on 23O            
Si  6.099 6.077 6.150 6.147 6.148 6.172 6.168 6.090 6.105    
Al iv  1.901 1.923 1.850 1.853 1.852 1.828 1.832 1.910 1.895   
 
 
             
Al vi  0.456 0.431 0.483 0.478 0.459 0.465 0.450 0.461 0.472    
Ti  0.486 0.488 0.468 0.471 0.490 0.473 0.489 0.487 0.500    
Cr  0.003 0.002 0.012 0.015 0.014 0.017 0.017 0.016 0.018    
Fe3+  0.352 0.474 0.251 0.300 0.285 0.350 0.290 0.314 0.289    
Fe2+  0.777 0.666 0.884 0.820 0.857 0.785 0.856 0.814 0.844    
Mn  0.008 0.016 0.005 0.012 0.013 0.010 0.013 0.009 0.013    
Mg  2.915 2.917 2.892 2.900 2.876 2.894 2.876 2.897 2.863    
Ni  0.004 0.003 0.003 0.004 0.005 0.004 0.009 0.002 0.002    
Zn  0.000 0.003 0.001 0.001 0.001 0.001 0.000 0.000 0.000    
Li* (not implemented) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000   
 
 
             
Ca  1.505 1.468 1.502 1.502 1.489 1.471 1.486 1.500 1.498    
Na  0.942 0.936 0.988 0.951 0.960 0.928 0.958 0.975 0.939    
K  0.167 0.169 0.176 0.164 0.176 0.179 0.167 0.172 0.182    
             
 
 























































pargasite    








ANALYTICAL TECHNIQUE AND METHODS 
The samples were crushed to fractions between 250-500 μm with a steel mortar and 
cleaned at ultrasonic bath. Separates handpicked under binocular microscope were 
analysed using Royal Holloway’s LaserPrep Mark II LF system (Mattey 1997). When 
compared to the previous analytical methods, the advantages of this method include higher 
precision and yields, lower sample requirements (less than 2 μg) and faster analyses, 
typically less than 40 minutes, through an automated system. 
As described in Mattey (1997), this system can hold up to 16 samples which are loaded in a 
stainless steel sample chamber fitted with a BaF2 window. A fluorinating agent (ClF3 or 
BrF5) is admitted at a pressure of 0.2 atmospheres and samples are directly heated by a 25 
W Synrad CO2 laser following programmed heating-rastering steps. Once oxygen gas is 
liberated from the sample leaving a fluoride residue, it is purified with liquid nitrogen and 
over hot KBr to remove SiF4 and remaining reagent. A cold finger packed with silica gel 
collects the oxygen gel and the yield is measured by a capacitance manometer from which 
it is transferred to a Micromass Optima mass spectrometer for isotope analyses. 
The corrections applied are bracketed from the analyses of different well established 
standards. In some cases, biotite NBS30 (accepted value of 5.02‰) was used (Mattey & 
Macpherson 1993; Mattey 1997). The most widely used corresponds to the San Carlos 
olivine II (5.23‰), which has been calibrated against the first internal analytical standard, 
San Carlos I, which in turn has initially been calibrated against the NBS30 biotite. Garnet 
standards are represented by the GMG II garnet (5.75‰, Bindeman et al. 2006) and 
GJAG, a batch of garnet from Jagersfontein (South Africa) which is currently being 
calibrated against the already well set standards presenting an acceptable value of 5.42‰. 
The measured values of the standards are displayed on table 02. The analytical error 







Standard Date Weight %O Yield δ18Oc  
G JAG          
 06/09/2005 1542 44 96 5.46 
 16/08/2005 1752 44 100 5.49 
 17/08/2005 1756 44 100 5.42 
 18/08/2005 1730 44 102 5.41 
 19/08/2005 1743 44 101 5.41 
 05/09/2005 1626 44 98 5.43 
 06/09/2005 1652 44 97 5.44 
 07/09/2005 1598 43 100 5.42 
 15/03/2006 1819 43 97 5.44 
 28/03/2006 1754 43 97 5.30 
 28/03/2006 1768 43 101 5.38 
 30/03/2006 1662 43 99 5.40 
  Mean 5.42 2 sd 0.09 
  Known 5.42   
GMG II           
 30/03/2006 1600 42 94 5.73 
 02/11/2004 1585 42 93 5.73 
 02/11/2004 1604 42 92 5.76 
 02/11/2004 1741 42 95 5.74 
 15/02/2005 1728 42 95 5.70 
 15/02/2005 1728 42 96 5.76 
 17/08/2005 1735 42 96 5.66 
 18/08/2005 1692 42 100 5.69 
 19/08/2005 1570 42 100 5.74 
 05/09/2005 1634 42 94 5.72 
 06/09/2005 1514 42 92 5.65 
  Mean 5.72 2 sd 0.07 
  Known 5.75   
SC OL II           
 16/08/2005 1625 44 102 5.27 
 02/11/2004 1733 44 94 5.27 
 15/02/2005 1731 44 94 5.29 
 15/02/2005 1687 43 101 5.19 
 16/08/2005 1680 43 99 5.25 
 16/08/2005 1690 43 97 5.25 
 16/08/2005 1746 43 97 5.23 
 17/08/2005 1644 43 97 5.21 
 18/08/2005 1752 44 101 5.32 
 19/08/2005 1738 44 96 5.18 
 15/03/2006 1767 43 101 5.24 
 15/03/2006 1701 43 96 5.31 
 28/03/2006 1804 43 99 5.22 
 28/03/2006 1726 43 93 5.24 
 30/03/2006 1710 43 101 5.29 
 30/03/2006 1762 43 97 5.25 
  Mean 5.25 2 sd 0.08 
  Known 5.23   
NBS-30 BIO           
 15/03/2006 1504 42 90 4.94 
  Known 5.02   
      








ANALYTICAL TECHNIQUE AND METHODS 
With the exception of sample RG01 from Malaita, analyses of trace element 
concentrations were carried out at the Department of Geosciences, Johannes Gutenberg-
University, Mainz, Germany by in situ laser ablation-inductively coupled plasma mass 
spectrometry (LA-ICP-MS) using an Argilent 7500ce quadrupole ICP-MS system coupled 
to a New Wave research UP-213 laser ablation system. Analyses were performed on the 
same polished thin sections which were previously analysed by electron microprobe 
(Chapter 03) with laser densities energies of about 6.5 J/cm2 in 100 μm spot sizes. Ca 
measurements from the electron microprobe were used as internal standard to calculate 
trace element concentrations. NIST SRM 612 was used as external standard (Pearce et al. 
1997). Reference glass BCR-2G (US Geological Survey) was measured as an unknown. 
Analyses of the standards show no anomalies. Analyses of samples DJ0295 and DJ0296 
were performed by Dr. Dorrit Jacob previously to this analytical section. Tables D.1 and 
D.2 show the results for analyses of the NIST SRM 612 and BCR-2G standards, 
respectively. Figures D.1 and D.2 show the standard data normalized to the chondrite 
values of McDonough & Su (1995).  
Sample RG01 was analysed in the Cameca ims-4f ion microprobe (SIMS) in the 
Departmen of Geology and Geophysics, University of Edinburgh following the same 
procedures indicated by Harte & Zindler (1997). The sample was analysed as a polished 
thin section coated in gold in order to reduce charging. Data for the analysis of the DDI 

























  24/04/06 B21  24/04/06 713   
Element  001N612 002N612 025N612 001N612 002N612 025N612 026N612 
Trace Element Concentrations MDL filtered     
Ba  37.4 38.21 37.68 37.92 37.52 38.02 37.56 
Nb  37.35 39.12 37.92 37.82 38.34 38.27 37.92 
La  35.55 36.08 35.73 35.75 35.8 35.81 35.74 
Ce  38.04 38.79 38.29 38.3 38.39 38.68 38.13 
Sr  75.29 77.37 75.99 76.35 75.91 76.41 75.98 
Nd  34.94 35.66 35.18 34.69 35.91 35.43 35.1 
Sm  36.09 37.64 36.6 36.79 36.62 37.27 36.37 
Zr  35.34 36.94 35.87 35.89 36.1 36.31 35.78 
Hf  34.43 35.24 34.71 34.63 34.94 34.81 34.74 
Eu  34.01 35.05 34.36 34.47 34.38 34.88 34.16 
Ti  51.41 44.86 48.54 46.3 50.57 48.82 47.6 
Gd  36.56 37.49 36.88 36.91 36.98 37.34 36.69 
Tb  35.39 36.68 35.82 35.73 36.13 36.27 35.68 
Dy  35.44 36.72 35.87 35.72 36.26 36.06 35.9 
Ho  37.43 38.5 37.79 37.85 37.89 38.08 37.73 
Er  37.04 37.98 37.36 37.59 37.22 37.94 37.11 
Tm  37.13 38.14 37.47 37.26 37.9 37.78 37.39 
Yb  39.49 40.59 39.87 40.35 39.49 40.37 39.68 
Lu  37.4 38.14 37.65 37.49 37.96 38.05 37.48 
1 sigma error        
Ba  1.27 1.3 1.79 1.27 1.26 1.35 1.33 
Nb  1.49 1.57 3.01 1.28 1.29 1.36 1.35 
La  1.15 1.17 1.4 1.13 1.13 1.13 1.13 
Ce  1.24 1.26 1.68 1.23 1.23 1.32 1.3 
Sr  2.56 2.64 4.02 2.4 2.39 2.44 2.43 
Nd  1.16 1.18 1.6 1.27 1.32 1.55 1.56 
Sm  1.37 1.44 2.71 1.28 1.28 1.47 1.44 
Zr  1.38 1.45 2.74 1.2 1.21 1.28 1.27 
Hf  1.14 1.17 1.68 1.09 1.1 1.11 1.11 
Eu  1.17 1.21 1.94 1.14 1.14 1.28 1.26 
Ti  3.95 3.5 11.31 2.73 2.98 4.28 4.27 
Gd  1.25 1.28 1.9 1.24 1.24 1.34 1.32 
Tb  1.26 1.31 2.29 1.17 1.18 1.3 1.28 
Dy  1.28 1.33 2.3 1.16 1.18 1.22 1.22 
Ho  1.27 1.31 2.03 1.19 1.19 1.22 1.21 
Er  1.24 1.27 1.88 1.28 1.27 1.46 1.43 
Tm  1.25 1.28 1.96 1.21 1.24 1.33 1.32 
Yb  1.35 1.39 2.13 1.4 1.37 1.6 1.58 
Lu  1.21 1.23 1.64 1.22 1.24 1.34 1.33 
Trace element concentrations normalised to chondrite   
Ba  10.97 11.21 11.05 11.12 11 11.15 11.01 
Nb  99.59 104.31 101.12 100.85 102.24 102.04 101.11 
La  96.86 98.3 97.35 97.4 97.54 97.57 97.39 
Ce  39.74 40.53 40.01 40.03 40.11 40.42 39.84 
Sr  6.33 6.5 6.39 6.42 6.38 6.42 6.38 
Nd  49.14 50.15 49.49 48.8 50.51 49.83 49.37 
Sm  156.21 162.93 158.46 159.26 158.51 161.32 157.44 
Zr  6.38 6.67 6.47 6.48 6.52 6.55 6.46 
Hf  192.34 196.89 193.89 193.44 195.19 194.47 194.07 
Eu  390.93 402.85 394.94 396.21 395.22 400.87 392.63 
Ti  0.0786 0.0686 0.074 0.0708 0.0773 0.0746 0.0728 
Gd  119.48 122.52 120.52 120.62 120.85 122.02 119.92 
Tb  610.25 632.46 617.58 616.02 622.94 625.4 615.25 
Dy  93.02 96.38 94.15 93.76 95.18 94.65 94.23 
Ho  439.84 452.35 444.03 444.73 445.2 447.48 443.36 
Er  148.75 152.52 150.03 150.97 149.49 152.35 149.02 
Tm  1043 1071.46 1052.59 1046.52 1064.49 1061.31 1050.21 
Yb  159.25 163.66 160.75 162.68 159.25 162.79 160.02 
Lu  981.64 1001.05 988.28 983.94 996.33 998.61 983.8 
Table D.1 – N612 standard values in ppm (chondrite values from McDonald & Sun 1989). 
 APPENDIX D
 
  24/04/06 R30   24/04/06 R8A   
Element  053N612 054N612 070N612 071N612 072N612 073N612 090N612 091N612 
Trace Element Concentrations MDL filtered      
Ba  38.04 37.19 37.63 37.88 37.64 37.84 37.77 37.72 
Nb  38.18 37.83 38.08 38.05 38.25 37.89 38.01 38.11 
La  35.86 35.57 35.91 35.62 35.66 35.87 35.92 35.65 
Ce  38.25 38.5 38.61 38.06 38.49 38.21 38.6 38.18 
Sr  76.59 75.32 76.24 76.07 76.66 75.7 75.68 76.55 
Nd  35.37 34.98 35.3 35.18 35.31 35.16 35.49 35.06 
Sm  37.14 35.98 36.6 36.88 36.68 36.74 37.23 36.35 
Zr  36.3 35.46 35.78 36.25 35.8 36.18 35.79 36.13 
Hf  34.83 34.71 34.36 35.27 34.46 35.04 35.54 34.22 
Eu  34.71 33.97 34.24 34.69 34.17 34.7 34.54 34.35 
Ti  47.02 50.6 47.92 48.27 43.11 56.14 47.94 47.93 
Gd  37.42 36.12 36.84 37.1 36.74 37.14 37.3 36.68 
Tb  36.32 35.24 35.64 36.27 35.87 35.95 36.44 35.55 
Dy  36.15 35.67 35.7 36.29 36.02 35.9 36.48 35.61 
Ho  37.95 37.74 37.64 38.14 37.95 37.78 38.48 37.45 
Er  37.91 36.63 37.07 37.88 37.36 37.48 37.99 37.03 
Tm  37.83 37.07 37.28 37.88 37.68 37.41 37.97 37.26 
Yb  40.16 39.56 39.9 40.01 39.93 39.94 40.68 39.44 
Lu  37.95 37.29 37.55 37.91 37.6 37.79 38.47 37.19 
1 sigma error         
Ba  1.31 1.3 1.41 1.43 1.21 1.22 1.24 1.23 
Nb  1.25 1.25 1.27 1.27 1.26 1.25 1.28 1.29 
La  1.15 1.15 1.19 1.18 1.13 1.14 1.17 1.16 
Ce  1.24 1.26 1.35 1.34 1.22 1.21 1.27 1.26 
Sr  2.47 2.43 2.58 2.58 2.47 2.44 2.6 2.65 
Nd  1.14 1.14 1.16 1.16 1.13 1.13 1.19 1.17 
Sm  1.32 1.3 1.5 1.53 1.23 1.23 1.39 1.37 
Zr  1.27 1.25 1.41 1.45 1.17 1.18 1.23 1.25 
Hf  1.23 1.24 1.42 1.48 1.25 1.27 1.63 1.6 
Eu  1.17 1.15 1.29 1.32 1.09 1.11 1.18 1.18 
Ti  2.38 2.59 3.25 3.37 6 7.89 12.77 13.35 
Gd  1.37 1.34 1.57 1.61 1.22 1.23 1.34 1.33 
Tb  1.31 1.27 1.52 1.58 1.17 1.18 1.34 1.32 
Dy  1.22 1.21 1.32 1.36 1.19 1.19 1.35 1.33 
Ho  1.22 1.21 1.27 1.3 1.26 1.26 1.46 1.44 
Er  1.44 1.4 1.72 1.79 1.24 1.24 1.42 1.4 
Tm  1.29 1.26 1.43 1.48 1.21 1.2 1.33 1.32 
Yb  1.29 1.28 1.33 1.34 1.36 1.37 1.63 1.6 
Lu  1.23 1.22 1.32 1.34 1.29 1.3 1.59 1.56 
Trace element concentrations normalised to chondrite     
Ba  11.16 10.91 11.04 11.11 11.04 11.1 11.07 11.06 
Nb  101.82 100.87 101.54 101.46 101.99 101.04 101.35 101.63 
La  97.72 96.92 97.85 97.05 97.18 97.73 97.88 97.14 
Ce  39.97 40.23 40.35 39.77 40.22 39.93 40.33 39.89 
Sr  6.44 6.33 6.41 6.39 6.44 6.36 6.36 6.43 
Nd  49.75 49.2 49.65 49.48 49.67 49.45 49.92 49.31 
Sm  160.77 155.76 158.45 159.64 158.8 159.03 161.19 157.37 
Zr  6.55 6.4 6.46 6.54 6.46 6.53 6.46 6.52 
Hf  194.61 193.9 191.93 197.05 192.52 195.78 198.55 191.19 
Eu  398.97 390.47 393.52 398.75 392.74 398.87 397.04 394.81 
Ti  0.0719 0.0774 0.0733 0.0738 0.0659 0.086 0.073 0.073 
Gd  122.29 118.02 120.39 121.25 120.07 121.37 121.91 119.88 
Tb  626.24 607.58 614.57 625.28 618.45 619.8 628.28 612.97 
Dy  94.89 93.61 93.71 95.25 94.55 94.23 95.75 93.47 
Ho  446 443.49 442.36 448.16 445.92 443.9 452.2 440.05 
Er  152.23 147.09 148.89 152.13 150.04 150.51 152.58 148.71 
Tm  1062.77 1041.2 1047.21 1064.11 1058.46 1050.94 1066.69 1046.51 
Yb  161.94 159.52 160.9 161.34 161 161.07 164.02 159.03 
Lu  996.1 978.66 985.52 995 986.87 991.82 1009.65 976.01 





  25/04/06 DJ0288   25/04/06 JAR 02093  
Element  001N612 002N612 016N612 017N612 018N612 019N612 033N612 034N612 
Trace Element Concentrations MDL filtered      
Ba  38.23 37.26 37.89 37.67 38.16 37.35 37.26 38.16 
Nb  38.41 37.71 38.23 37.97 38.06 38.07 37.85 38.23 
La  36.1 35.45 35.65 35.87 35.55 36.02 35.29 36.15 
Ce  38.48 38.21 38.54 38.24 38.65 38.08 37.82 38.81 
Sr  76.48 75.8 76.62 75.87 76.37 75.96 75.68 76.55 
Nd  35.37 35.11 35.27 35.23 35.11 35.4 34.63 35.74 
Sm  37 36.42 37.2 36.44 36.81 36.64 36.41 36.98 
Zr  35.73 36.26 36.14 35.88 35.92 36.08 35.54 36.36 
Hf  34.53 35.03 34.87 34.69 34.47 35.07 34.86 34.68 
Eu  34.55 34.33 34.39 34.48 34.15 34.75 34.1 34.7 
Ti  49.96 46.48 48.25 48.1 45.13 51.48 49.29 46.98 
Gd  37.22 36.66 37.36 36.71 36.53 37.4 36.63 37.18 
Tb  35.85 35.98 36.32 35.67 35.6 36.27 35.52 36.22 
Dy  35.64 36.31 36.22 35.79 36.03 35.92 35.65 36.24 
Ho  37.92 37.81 38.15 37.7 37.59 38.17 37.64 38.04 
Er  37.29 37.56 37.68 37.26 37.03 37.87 36.95 37.79 
Tm  37.53 37.57 37.7 37.45 37.27 37.86 37.24 37.79 
Yb  39.74 40.14 40.43 39.64 39.6 40.31 40.11 39.79 
Lu  37.69 37.71 38.1 37.47 37.58 37.86 37.42 37.93 
1 sigma error         
Ba  1.32 1.29 1.49 1.5 1.37 1.34 1.58 1.64 
Nb  1.3 1.28 1.4 1.41 1.25 1.25 1.27 1.28 
La  1.19 1.16 1.26 1.28 1.21 1.23 1.37 1.42 
Ce  1.21 1.2 1.24 1.23 1.32 1.3 1.51 1.57 
Sr  2.43 2.41 2.53 2.52 2.42 2.41 2.49 2.53 
Nd  1.12 1.11 1.13 1.13 1.23 1.24 1.43 1.5 
Sm  1.26 1.24 1.42 1.41 1.2 1.19 1.26 1.28 
Zr  1.18 1.19 1.26 1.26 1.21 1.22 1.32 1.37 
Hf  1.1 1.11 1.17 1.17 1.11 1.13 1.22 1.22 
Eu  1.07 1.06 1.08 1.08 1.13 1.15 1.28 1.32 
Ti  2.5 2.35 3.81 3.95 3.59 4.11 6.61 6.57 
Gd  1.25 1.23 1.39 1.38 1.27 1.3 1.48 1.52 
Tb  1.15 1.15 1.24 1.23 1.19 1.21 1.37 1.42 
Dy  1.18 1.2 1.32 1.32 1.16 1.16 1.22 1.24 
Ho  1.19 1.19 1.24 1.23 1.21 1.23 1.31 1.34 
Er  1.18 1.19 1.24 1.23 1.29 1.31 1.53 1.6 
Tm  1.16 1.16 1.18 1.17 1.21 1.23 1.34 1.37 
Yb  1.31 1.32 1.46 1.45 1.3 1.32 1.44 1.44 
Lu  1.2 1.2 1.28 1.27 1.19 1.2 1.25 1.27 
Trace element concentrations normalised to chondrite    
Ba  11.21 10.93 11.11 11.05 11.19 10.95 10.93 11.19 
Nb  102.43 100.55 101.96 101.26 101.48 101.53 100.94 101.94 
La  98.36 96.61 97.13 97.74 96.88 98.13 96.16 98.5 
Ce  40.21 39.93 40.27 39.96 40.39 39.79 39.52 40.55 
Sr  6.43 6.37 6.44 6.38 6.42 6.38 6.36 6.43 
Nd  49.74 49.38 49.6 49.55 49.38 49.79 48.71 50.26 
Sm  160.17 157.67 161.05 157.75 159.37 158.62 157.62 160.08 
Zr  6.45 6.54 6.52 6.48 6.48 6.51 6.41 6.56 
Hf  192.88 195.67 194.78 193.82 192.58 195.94 194.75 193.72 
Eu  397.16 394.58 395.3 396.3 392.57 399.44 391.92 398.84 
Ti  0.0764 0.0711 0.0738 0.0736 0.069 0.0787 0.075 0.072 
Gd  121.65 119.8 122.1 119.97 119.37 122.23 119.7 121.51 
Tb  618.02 620.32 626.24 615.01 613.78 625.35 612.49 624.5 
Dy  93.53 95.31 95.07 93.94 94.58 94.28 93.56 95.11 
Ho  445.6 444.25 448.34 442.98 441.74 448.49 442.3 446.95 
Er  149.76 150.86 151.34 149.65 148.72 152.07 148.4 151.78 
Tm  1054.1 1055.27 1058.97 1052.1 1046.84 1063.37 1045.95 1061.39 
Yb  160.25 161.87 163.04 159.85 159.66 162.52 161.74 160.46 
Lu  989.28 989.78 1000.11 983.41 986.27 993.68 982.24 995.64 





  25/04/06 DEJ03   25/04/06 JAR 02073  
Element  035B612 036N612 050N612 051N612 052N612 053N612 067N612 068N612 
Trace Element Concentrations MDL filtered      
Ba  38.15 37.27 37.45 38.23 37.79 37.7 37.49 38.25 
Nb  38.4 37.66 37.95 38.27 38.74 37.33 37.62 39.03 
La  36.15 35.32 35.8 35.78 35.95 35.59 35.34 36.68 
Ce  38.95 37.66 38.26 38.55 38.25 38.46 38.37 38.3 
Sr  76.5 75.77 75.54 77.09 76.63 75.63 75.7 77.1 
Nd  35.32 35.13 35.43 34.98 35.53 34.93 35.04 35.68 
Sm  37.41 35.93 36.45 37.21 36.64 36.83 36.51 37.12 
Zr  36.04 35.94 35.91 36.12 36.35 35.6 35.65 36.72 
Hf  35.05 34.45 34.58 35.08 34.82 34.73 34.5 35.32 
Eu  34.86 33.96 34.24 34.79 34.66 34.21 34.15 35.06 
Ti  48.51 47.57 49.07 46.85 48.06 48.22 47.39 49.55 
Gd  37.01 36.89 36.69 37.34 36.55 37.48 36.34 38.13 
Tb  36.06 35.77 35.64 36.36 36.11 35.74 35.41 36.98 
Dy  36.16 35.76 35.73 36.34 36.22 35.72 35.53 36.88 
Ho  38.21 37.49 37.48 38.5 38.05 37.69 37.46 38.73 
Er  37.41 37.47 37.14 37.85 37.44 37.48 36.69 38.96 
Tm  37.56 37.54 37.37 37.81 37.67 37.44 37.11 38.45 
Yb  40.17 39.69 39.97 39.95 39.92 40.03 39.37 41.12 
Lu  38 37.38 37.44 38.15 37.72 37.74 37.26 38.62 
1 sigma error         
Ba  1.35 1.33 1.57 1.66 1.26 1.26 1.33 1.42 
Nb  1.31 1.29 1.43 1.46 1.58 1.52 2.07 2.22 
La  1.21 1.19 1.36 1.39 1.28 1.27 1.53 1.63 
Ce  1.39 1.35 1.7 1.76 1.19 1.2 1.2 1.21 
Sr  2.5 2.48 2.72 2.82 2.51 2.48 2.75 2.84 
Nd  1.13 1.13 1.19 1.2 1.2 1.18 1.32 1.39 
Sm  1.45 1.4 1.88 1.99 1.19 1.2 1.25 1.31 
Zr  1.15 1.15 1.16 1.18 1.31 1.28 1.55 1.65 
Hf  1.14 1.13 1.26 1.3 1.14 1.13 1.23 1.29 
Eu  1.2 1.17 1.41 1.47 1.16 1.15 1.31 1.38 
Ti  2.05 2.02 2.61 2.61 1.92 1.94 2.34 2.6 
Gd  1.2 1.2 1.28 1.33 1.47 1.51 1.93 2.11 
Tb  1.16 1.15 1.26 1.3 1.32 1.3 1.62 1.73 
Dy  1.18 1.17 1.27 1.31 1.3 1.29 1.56 1.67 
Ho  1.31 1.29 1.54 1.62 1.31 1.3 1.52 1.61 
Er  1.2 1.2 1.28 1.32 1.52 1.52 2.01 2.21 
Tm  1.17 1.17 1.2 1.22 1.3 1.3 1.52 1.61 
Yb  1.27 1.26 1.32 1.34 1.46 1.46 1.79 1.93 
Lu  1.25 1.23 1.4 1.45 1.3 1.3 1.52 1.61 
Trace element concentrations normalised to chondrite    
Ba  11.19 10.93 10.98 11.21 11.08 11.06 10.99 11.22 
Nb  102.4 100.44 101.19 102.04 103.3 99.55 100.33 104.09 
La  98.5 96.24 97.54 97.48 97.96 96.98 96.28 99.93 
Ce  40.7 39.35 39.98 40.28 39.97 40.19 40.09 40.02 
Sr  6.43 6.37 6.35 6.48 6.44 6.36 6.36 6.48 
Nd  49.68 49.41 49.83 49.19 49.97 49.12 49.28 50.19 
Sm  161.95 155.56 157.78 161.07 158.63 159.42 158.07 160.67 
Zr  6.51 6.49 6.48 6.52 6.56 6.43 6.43 6.63 
Hf  195.78 192.48 193.21 195.96 194.53 194.03 192.73 197.3 
Eu  400.72 390.3 393.53 399.9 398.36 393.22 392.48 402.96 
Ti  0.0742 0.0727 0.075 0.0716 0.0735 0.0737 0.0725 0.0758 
Gd  120.96 120.56 119.9 122.04 119.44 122.48 118.76 124.61 
Tb  621.74 616.71 614.45 626.84 622.5 616.25 610.59 637.63 
Dy  94.9 93.87 93.79 95.38 95.06 93.74 93.27 96.8 
Ho  448.99 440.59 440.41 452.4 447.1 442.93 440.14 455.13 
Er  150.25 150.48 149.17 152.01 150.35 150.51 147.35 156.47 
Tm  1055.18 1054.61 1049.81 1062.13 1058.17 1051.72 1042.53 1080.07 
Yb  161.96 160.03 161.16 161.09 160.98 161.4 158.75 165.81 
Lu  997.46 981.09 982.65 1001.27 989.91 990.45 978.04 1013.57 





  25/04/06 DJ0287   25/04/06 DEJ02   
Element  069N612 070N612 085N612 086N612 087N612 088N612 103N612 104N612 
Trace Element Concentrations MDL filtered      
Ba  37.79 37.65 38.11 37.44 37.63 37.83 37.89 37.62 
Nb  37.56 38.82 38.49 37.67 38.72 37.52 38.48 37.79 
La  35.63 35.97 35.87 35.68 36.2 35.41 36.06 35.58 
Ce  37.87 39.09 38.34 38.32 38.53 38.19 38.67 38.13 
Sr  75.6 76.96 76.77 75.59 76.87 75.59 75.68 76.54 
Nd  35.04 35.53 35.61 34.92 35.7 34.86 35.45 35.11 
Sm  36.35 37.26 37.08 36.39 37.48 36.11 37 36.55 
Zr  35.9 36.11 36.29 35.74 36.97 35.26 35.84 36.14 
Hf  34.82 34.69 34.93 34.64 35.07 34.53 34.73 34.81 
Eu  34.38 34.52 34.7 34.22 34.77 34.17 34.47 34.43 
Ti  48.11 48.09 48.45 47.83 46.66 49.63 46.17 49.71 
Gd  36.89 37.01 37.44 36.54 37.21 36.75 36.81 37.06 
Tb  35.88 35.95 36.3 35.61 36.56 35.43 35.77 36.06 
Dy  35.93 36 36.33 35.68 36.35 35.66 35.94 36.01 
Ho  38.09 37.52 38.2 37.62 38.51 37.38 37.66 38.05 
Er  37.54 37.26 37.54 37.34 37.89 37.11 36.58 38.14 
Tm  37.73 37.27 37.75 37.4 37.89 37.29 37.39 37.68 
Yb  39.95 39.94 40.24 39.71 40.28 39.66 40.26 39.74 
Lu  37.77 37.61 37.93 37.53 38.13 37.4 37.17 38.15 
1 sigma error         
Ba  1.25 1.26 1.36 1.34 1.19 1.19 1.22 1.22 
Nb  1.43 1.48 1.8 1.8 1.44 1.4 1.76 1.76 
La  1.13 1.15 1.18 1.18 1.23 1.2 1.4 1.4 
Ce  1.32 1.36 1.59 1.62 1.23 1.22 1.31 1.31 
Sr  2.51 2.56 2.85 2.84 2.52 2.48 2.71 2.77 
Nd  1.17 1.2 1.34 1.33 1.2 1.18 1.37 1.38 
Sm  1.27 1.31 1.54 1.53 1.38 1.33 1.73 1.75 
Zr  1.18 1.19 1.26 1.25 1.48 1.42 1.92 2 
Hf  1.08 1.08 1.11 1.1 1.11 1.09 1.18 1.19 
Eu  1.08 1.09 1.15 1.14 1.11 1.09 1.18 1.19 
Ti  1.7 1.74 1.81 1.78 2.82 3 4.16 4.63 
Gd  1.24 1.25 1.41 1.39 1.19 1.17 1.24 1.26 
Tb  1.15 1.15 1.26 1.25 1.27 1.24 1.51 1.55 
Dy  1.16 1.17 1.26 1.25 1.18 1.15 1.27 1.29 
Ho  1.24 1.22 1.38 1.37 1.33 1.3 1.58 1.63 
Er  1.17 1.17 1.21 1.2 1.49 1.46 1.94 2.08 
Tm  1.19 1.18 1.27 1.27 1.21 1.19 1.3 1.32 
Yb  1.26 1.27 1.33 1.32 1.31 1.29 1.44 1.44 
Lu  1.18 1.17 1.22 1.21 1.33 1.31 1.58 1.66 
Trace element concentrations normalised to chondrite    
Ba  11.08 11.04 11.18 10.98 11.03 11.09 11.11 11.03 
Nb  100.16 103.51 102.64 100.45 103.26 100.05 102.62 100.77 
La  97.09 98.02 97.73 97.21 98.63 96.5 98.25 96.96 
Ce  39.58 40.85 40.06 40.04 40.26 39.9 40.4 39.85 
Sr  6.35 6.47 6.45 6.35 6.46 6.35 6.36 6.43 
Nd  49.28 49.97 50.09 49.11 50.22 49.02 49.86 49.37 
Sm  157.38 161.3 160.53 157.54 162.24 156.34 160.16 158.24 
Zr  6.48 6.52 6.55 6.45 6.67 6.36 6.47 6.52 
Hf  194.51 193.81 195.15 193.52 195.93 192.89 194.02 194.49 
Eu  395.17 396.73 398.84 393.36 399.61 392.8 396.24 395.75 
Ti  0.0736 0.0735 0.0741 0.0731 0.0713 0.0759 0.0706 0.076 
Gd  120.55 120.95 122.36 119.43 121.59 120.09 120.31 121.12 
Tb  618.69 619.85 625.91 613.89 630.36 610.88 616.78 621.69 
Dy  94.31 94.5 95.34 93.64 95.41 93.61 94.34 94.5 
Ho  447.65 440.89 448.93 442.01 452.54 439.28 442.57 447.16 
Er  150.77 149.63 150.78 149.98 152.15 149.04 146.9 153.18 
Tm  1059.92 1046.84 1060.5 1050.47 1064.22 1047.41 1050.41 1058.46 
Yb  161.08 161.04 162.25 160.13 162.42 159.94 162.32 160.26 
Lu  991.27 987.18 995.62 985.07 1000.77 981.74 975.72 1001.37 





  26/04/06 DJ0285   26/04/06 JAR 20093  
Element  001N612 002N612 016N612 017N612 018N612 019N612 040N612 041N612 
Trace Element Concentrations MDL filtered      
Ba  38.06 37.35 37.99 37.6 37.77 37.69 37.99 37.49 
Nb  38.15 37.95 38.09 38.04 37.95 38.22 37.6 38.53 
La  35.66 35.91 35.64 35.85 35.59 36 35.45 36.09 
Ce  38.44 38.23 38.82 38.05 37.81 39.04 38.12 38.55 
Sr  76.62 75.59 76.3 76.09 76.02 76.33 75.72 76.57 
Nd  35.66 34.76 35.29 35.24 34.97 35.59 34.7 35.79 
Sm  36.85 36.58 36.39 36.96 36.56 36.94 36.22 37.23 
Zr  35.75 36.29 35.9 36.03 36.03 35.96 35.54 36.45 
Hf  34.62 34.99 34.09 35.26 34.94 34.57 34.83 34.72 
Eu  34.53 34.33 34.42 34.46 34.42 34.48 33.99 34.9 
Ti  48.65 47.44 49.45 47.32 48.15 47.96 50.47 45.97 
Gd  36.9 37.01 37.09 36.85 36.84 37.1 36.67 37.23 
Tb  35.92 35.92 35.87 35.95 35.9 35.97 35.32 36.55 
Dy  36.14 35.78 35.65 36.21 35.78 36.21 35.78 36.15 
Ho  37.78 37.99 37.46 38.15 37.72 38.08 37.38 38.36 
Er  37.41 37.47 36.94 37.78 37.38 37.5 37.19 37.67 
Tm  37.57 37.55 36.97 37.98 37.56 37.56 37.2 37.9 
Yb  39.91 40.02 39.49 40.28 39.93 39.98 39.93 39.97 
Lu  37.69 37.76 37.18 38.09 37.91 37.49 37.34 38.1 
1 sigma error         
Ba  1.27 1.25 1.42 1.42 1.24 1.25 1.3 1.29 
Nb  1.23 1.23 1.25 1.24 1.32 1.33 1.47 1.52 
La  1.13 1.13 1.15 1.16 1.18 1.19 1.29 1.32 
Ce  1.23 1.23 1.35 1.34 1.34 1.39 1.63 1.67 
Sr  2.44 2.41 2.57 2.58 2.41 2.42 2.48 2.52 
Nd  1.21 1.18 1.4 1.42 1.27 1.29 1.53 1.6 
Sm  1.18 1.18 1.25 1.27 1.27 1.29 1.48 1.54 
Zr  1.17 1.19 1.25 1.26 1.23 1.23 1.38 1.43 
Hf  1.18 1.2 1.4 1.47 1.1 1.09 1.13 1.13 
Eu  1.07 1.06 1.08 1.08 1.15 1.16 1.31 1.36 
Ti  1.94 1.91 2.97 2.96 2.84 2.85 4.35 4.06 
Gd  1.16 1.17 1.19 1.18 1.21 1.22 1.28 1.31 
Tb  1.1 1.1 1.1 1.1 1.26 1.26 1.51 1.59 
Dy  1.16 1.15 1.23 1.26 1.15 1.17 1.23 1.25 
Ho  1.2 1.21 1.27 1.31 1.27 1.28 1.46 1.51 
Er  1.21 1.21 1.3 1.34 1.19 1.19 1.23 1.25 
Tm  1.23 1.23 1.36 1.41 1.21 1.21 1.29 1.33 
Yb  1.28 1.28 1.36 1.4 1.25 1.25 1.25 1.25 
Lu  1.22 1.22 1.32 1.37 1.24 1.23 1.37 1.42 
Trace element concentrations normalised to chondrite    
Ba  11.16 10.95 11.14 11.03 11.08 11.05 11.14 11 
Nb  101.73 101.2 101.59 101.45 101.19 101.92 100.26 102.74 
La  97.16 97.85 97.11 97.68 96.98 98.1 96.6 98.33 
Ce  40.17 39.94 40.56 39.76 39.51 40.8 39.83 40.29 
Sr  6.44 6.35 6.41 6.39 6.39 6.41 6.36 6.43 
Nd  50.16 48.88 49.64 49.57 49.19 50.06 48.8 50.33 
Sm  159.51 158.37 157.55 160.01 158.25 159.93 156.78 161.17 
Zr  6.45 6.55 6.48 6.5 6.5 6.49 6.42 6.58 
Hf  193.39 195.46 190.43 196.99 195.18 193.12 194.59 193.96 
Eu  396.92 394.61 395.6 396.14 395.65 396.37 390.66 401.2 
Ti  0.0744 0.0725 0.0756 0.0724 0.0736 0.0733 0.0772 0.0703 
Gd  120.59 120.93 121.22 120.42 120.39 121.23 119.84 121.66 
Tb  619.28 619.38 618.48 619.88 618.97 620.23 608.92 630.14 
Dy  94.86 93.91 93.57 95.05 93.92 95.03 93.92 94.88 
Ho  444 446.43 440.23 448.34 443.22 447.46 439.3 450.8 
Er  150.26 150.47 148.35 151.74 150.12 150.6 149.36 151.28 
Tm  1055.35 1054.74 1038.54 1066.79 1054.95 1055.03 1045.05 1064.73 
Yb  160.93 161.36 159.22 162.41 161 161.2 161.02 161.15 
Lu  989.23 990.96 975.91 999.86 994.92 984.12 979.93 1000.11 





  27/04/06 JAR 20113 27/04/06 JAR 20263  
Element  001N612 002N612 017N612 023N612 024N612 041N612 042N612 
Trace Element Concentrations MDL filtered     
Ba  37.4 38.15 37.71 37.46 38.23 38.2 37.31 
Nb  37.81 38.36 38.04 37.85 38.46 38.18 37.94 
La  35.29 36.35 35.73 35.51 36.27 35.92 35.62 
Ce  38.03 38.73 38.33 38.18 38.66 38.62 38.11 
Sr  75.58 76.84 76.11 76.26 75.96 76.07 76.23 
Nd  34.79 35.78 35.21 35.36 35.03 35.04 35.44 
Sm  35.88 37.78 36.66 36.56 37.01 36.87 36.58 
Zr  35.64 36.42 35.96 35.62 36.72 36.22 35.77 
Hf  34.5 35.1 34.75 34.49 35.32 34.96 34.59 
Eu  34.23 34.69 34.42 34.54 34.27 34.27 34.61 
Ti  48.26 47.93 48.12 47.73 48.8 48.71 47.57 
Gd  36.61 37.36 36.92 36.71 37.42 37.07 36.83 
Tb  35.64 36.26 35.9 35.84 36.09 35.75 36.07 
Dy  35.54 36.49 35.94 35.9 36.11 35.97 35.96 
Ho  37.48 38.34 37.84 37.59 38.41 38.04 37.7 
Er  37.26 37.64 37.42 37.4 37.5 37.27 37.58 
Tm  37.28 37.87 37.53 37.57 37.54 37.34 37.75 
Yb  39.74 40.2 39.93 40.12 39.68 39.53 40.36 
Lu  37.43 38.05 37.69 37.52 38.1 37.7 37.71 
1 sigma error        
Ba  1.26 1.29 1.46 1.36 1.4 1.62 1.61 
Nb  1.25 1.27 1.36 1.27 1.29 1.35 1.35 
La  1.23 1.27 1.59 1.19 1.21 1.31 1.31 
Ce  1.23 1.25 1.41 1.24 1.26 1.35 1.34 
Sr  2.43 2.48 2.73 2.38 2.37 2.38 2.39 
Nd  1.2 1.24 1.53 1.15 1.14 1.2 1.22 
Sm  1.48 1.57 2.34 1.18 1.2 1.24 1.24 
Zr  1.2 1.23 1.41 1.28 1.32 1.51 1.51 
Hf  1.11 1.13 1.24 1.16 1.19 1.31 1.31 
Eu  1.08 1.1 1.17 1.09 1.08 1.12 1.14 
Ti  1.67 1.67 1.75 1.87 1.94 2.2 2.18 
Gd  1.22 1.25 1.42 1.21 1.25 1.31 1.31 
Tb  1.14 1.16 1.28 1.12 1.13 1.16 1.17 
Dy  1.21 1.25 1.5 1.12 1.13 1.13 1.13 
Ho  1.24 1.27 1.47 1.24 1.27 1.38 1.38 
Er  1.17 1.19 1.23 1.17 1.18 1.19 1.21 
Tm  1.19 1.21 1.3 1.18 1.18 1.22 1.23 
Yb  1.26 1.28 1.34 1.37 1.36 1.52 1.57 
Lu  1.19 1.22 1.33 1.19 1.21 1.24 1.25 
Trace element concentrations normalised to chondrite    
Ba  10.97 11.19 11.06 10.99 11.21 11.2 10.94 
Nb  100.84 102.28 101.44 100.94 102.55 101.8 101.18 
La  96.17 99.06 97.37 96.76 98.83 97.88 97.06 
Ce  39.74 40.47 40.05 39.89 40.4 40.35 39.82 
Sr  6.35 6.46 6.4 6.41 6.38 6.39 6.41 
Nd  48.94 50.33 49.52 49.74 49.27 49.28 49.84 
Sm  155.3 163.54 158.68 158.29 160.21 159.6 158.35 
Zr  6.43 6.57 6.49 6.43 6.63 6.54 6.46 
Hf  192.72 196.09 194.13 192.67 197.29 195.3 193.22 
Eu  393.43 398.79 395.68 397 393.95 393.9 397.77 
Ti  0.0738 0.0733 0.0736 0.073 0.0746 0.0745 0.0727 
Gd  119.64 122.09 120.67 119.96 122.28 121.14 120.36 
Tb  614.41 625.26 618.94 617.97 622.23 616.43 621.97 
Dy  93.29 95.77 94.32 94.22 94.78 94.42 94.39 
Ho  440.44 450.58 444.66 441.73 451.38 447.03 443.03 
Er  149.63 151.15 150.27 150.21 150.62 149.68 150.91 
Tm  1047.31 1063.82 1054.21 1055.27 1054.51 1048.98 1060.29 
Yb  160.25 162.1 161.03 161.77 160.02 159.39 162.76 
Lu  982.31 998.79 989.2 984.65 999.95 989.51 989.75 





  28/04/06 RDK1   28/04/06 RDK2  
Element  001N612 002N612 016N612 017N612 018N612 033N612 034N612 
Trace Element Concentrations MDL filtered     
Ba  37.45 38.53 37.77 37.7 37.75 37.64 37.85 
Nb  37.87 38.59 37.88 38.17 38.07 37.85 38.31 
La  35.87 35.53 35.68 35.84 35.79 35.52 36.08 
Ce  38.07 39.09 38.63 38.15 38.35 38.4 38.29 
Sr  75.91 76.84 75.86 76.34 76.16 76.01 76.32 
Nd  35.15 35.59 34.47 35.81 35.26 34.93 35.62 
Sm  37.02 36.08 36.04 37.24 36.72 36.77 36.66 
Zr  35.88 36.3 35.85 36.08 36.02 35.51 36.59 
Hf  34.81 34.69 34.67 34.84 34.77 34.71 34.84 
Eu  34.33 34.72 34.53 34.38 34.45 34.3 34.61 
Ti  46.85 52.17 48.76 47.62 48.31 45.05 52.37 
Gd  37.01 36.8 36.85 37.02 36.98 36.53 37.47 
Tb  36.03 35.67 35.77 36.03 35.92 35.89 35.96 
Dy  35.98 35.99 35.71 36.16 35.97 36.03 35.9 
Ho  37.89 37.82 37.84 37.89 37.88 37.7 38.08 
Er  37.58 37.06 37.3 37.53 37.45 37.14 37.79 
Tm  37.56 37.58 37.16 37.83 37.56 37.34 37.81 
Yb  40.02 39.87 39.32 40.41 39.96 39.8 40.12 
Lu  37.9 37.25 37.52 37.85 37.74 37.3 38.21 
1 sigma error        
Ba  1.31 1.38 1.46 1.47 1.23 1.24 1.27 
Nb  1.29 1.32 1.38 1.4 1.28 1.33 1.35 
La  1.14 1.14 1.16 1.17 1.18 1.25 1.29 
Ce  1.3 1.34 1.49 1.49 1.19 1.2 1.2 
Sr  2.42 2.46 2.5 2.53 2.38 2.39 2.41 
Nd  1.4 1.43 1.71 1.82 1.2 1.31 1.36 
Sm  1.46 1.44 1.75 1.85 1.17 1.18 1.19 
Zr  1.18 1.21 1.22 1.23 1.36 1.56 1.64 
Hf  1.09 1.09 1.09 1.1 1.08 1.09 1.1 
Eu  1.08 1.1 1.11 1.11 1.08 1.1 1.12 
Ti  2.86 3.25 4.6 4.67 5.06 6.91 8.34 
Gd  1.19 1.21 1.2 1.2 1.33 1.49 1.56 
Tb  1.13 1.13 1.16 1.17 1.11 1.11 1.11 
Dy  1.16 1.18 1.2 1.22 1.13 1.14 1.15 
Ho  1.17 1.17 1.17 1.17 1.2 1.22 1.24 
Er  1.2 1.2 1.25 1.26 1.24 1.32 1.37 
Tm  1.23 1.23 1.31 1.35 1.2 1.24 1.27 
Yb  1.42 1.43 1.62 1.69 1.27 1.29 1.31 
Lu  1.22 1.21 1.29 1.31 1.3 1.45 1.51 
Trace element concentrations normalised to chondrite   
Ba  10.98 11.3 11.08 11.06 11.07 11.04 11.1 
Nb  101 102.91 101.02 101.79 101.53 100.93 102.17 
La  97.74 96.81 97.22 97.65 97.51 96.77 98.31 
Ce  39.78 40.85 40.36 39.86 40.07 40.13 40.01 
Sr  6.38 6.46 6.37 6.42 6.4 6.39 6.41 
Nd  49.44 50.05 48.48 50.37 49.59 49.12 50.1 
Sm  160.24 156.21 156.03 161.2 158.95 159.19 158.69 
Zr  6.48 6.55 6.47 6.51 6.5 6.41 6.6 
Hf  194.46 193.78 193.71 194.63 194.27 193.9 194.66 
Eu  394.61 399.06 396.86 395.12 395.96 394.28 397.77 
Ti  0.0716 0.0798 0.0746 0.0728 0.0739 0.069 0.08 
Gd  120.95 120.28 120.44 120.98 120.84 119.37 122.45 
Tb  621.14 615.02 616.69 621.26 619.35 618.74 619.99 
Dy  94.42 94.47 93.72 94.9 94.4 94.56 94.23 
Ho  445.26 444.39 444.62 445.28 445.13 442.99 447.46 
Er  150.94 148.83 149.8 150.72 150.39 149.14 151.76 
Tm  1055.01 1055.71 1043.95 1062.6 1055.14 1048.79 1062.05 
Yb  161.36 160.75 158.57 162.95 161.12 160.5 161.79 
Lu  994.86 977.79 984.87 993.5 990.42 979.11 1002.9 





  28/04/06 13978   28/04/06 117200-141   
Element  035N612 036N612 051N612 052N612 053N612 054N612 069N612 070N612 
Trace Element Concentrations MDL filtered      
Ba  38.08 37.36 38.06 37.38 37.53 37.94 38.43 36.83 
Nb  37.99 38.12 38.47 37.56 37.74 38.44 37.96 38.17 
La  35.84 35.68 36.01 35.49 35.87 35.65 35.94 35.56 
Ce  38.21 38.49 38.69 37.93 37.95 38.8 38.5 38.11 
Sr  76.5 75.72 77.08 75.09 75.8 76.5 76.84 75.21 
Nd  35.57 34.85 35.8 34.61 35.24 35.26 34.89 35.72 
Sm  36.94 36.44 37.49 35.86 36.87 36.56 36.73 36.71 
Zr  36.08 35.88 36.17 35.77 35.94 36.05 35.81 36.23 
Hf  35.4 34.12 34.85 34.73 34.65 34.9 34.94 34.53 
Eu  34.77 34.08 34.66 34.2 34.4 34.48 34.56 34.28 
Ti  48.13 48.19 46.29 50.91 47.87 48.22 50.91 44.77 
Gd  37.21 36.63 37.47 36.37 36.87 37.06 36.54 37.51 
Tb  36.26 35.54 36.28 35.52 35.8 36.05 35.97 35.85 
Dy  36.13 35.76 36.56 35.3 36.04 35.88 36.18 35.7 
Ho  38.34 37.35 38.49 37.2 37.87 37.88 37.85 37.9 
Er  37.83 36.98 37.85 36.97 37.56 37.28 37.48 37.37 
Tm  38.28 36.8 37.8 37.31 37.84 37.24 37.4 37.78 
Yb  40.64 39.21 40.41 39.47 39.96 39.96 39.54 40.52 
Lu  38.2 37.18 38.08 37.31 37.58 37.87 37.56 37.91 
1 sigma error         
Ba  1.33 1.31 1.52 1.53 1.43 1.45 1.86 1.84 
Nb  1.32 1.32 1.47 1.46 1.29 1.32 1.4 1.43 
La  1.16 1.15 1.22 1.21 1.15 1.14 1.19 1.19 
Ce  1.24 1.25 1.37 1.36 1.27 1.29 1.46 1.47 
Sr  2.59 2.56 2.99 2.96 2.5 2.53 2.82 2.8 
Nd  1.31 1.29 1.66 1.64 1.17 1.18 1.29 1.35 
Sm  1.42 1.4 1.87 1.84 1.18 1.17 1.2 1.22 
Zr  1.19 1.18 1.23 1.23 1.18 1.18 1.21 1.23 
Hf  1.29 1.25 1.61 1.65 1.1 1.11 1.16 1.16 
Eu  1.15 1.13 1.3 1.31 1.07 1.07 1.09 1.09 
Ti  2.72 2.73 3.74 4.24 3.45 3.47 5.44 4.96 
Gd  1.33 1.31 1.6 1.59 1.26 1.27 1.41 1.48 
Tb  1.23 1.21 1.45 1.45 1.11 1.12 1.14 1.14 
Dy  1.29 1.28 1.59 1.58 1.15 1.15 1.21 1.21 
Ho  1.43 1.39 1.86 1.85 1.17 1.17 1.17 1.17 
Er  1.32 1.3 1.6 1.6 1.18 1.17 1.2 1.21 
Tm  1.43 1.38 1.85 1.87 1.22 1.2 1.31 1.34 
Yb  1.54 1.49 2 2.01 1.33 1.33 1.46 1.53 
Lu  1.34 1.31 1.65 1.65 1.18 1.19 1.22 1.24 
Trace element concentrations normalised to chondrite    
Ba  11.17 10.95 11.16 10.96 11 11.13 11.27 10.8 
Nb  101.3 101.65 102.6 100.16 100.63 102.51 101.22 101.79 
La  97.66 97.22 98.11 96.7 97.74 97.13 97.92 96.89 
Ce  39.93 40.22 40.43 39.64 39.66 40.55 40.23 39.82 
Sr  6.43 6.36 6.48 6.31 6.37 6.43 6.46 6.32 
Nd  50.03 49.01 50.35 48.68 49.56 49.6 49.08 50.24 
Sm  159.89 157.76 162.3 155.24 159.59 158.25 159.02 158.94 
Zr  6.51 6.48 6.53 6.46 6.49 6.51 6.46 6.54 
Hf  197.75 190.61 194.69 194.01 193.56 194.96 195.21 192.89 
Eu  399.62 391.7 398.41 393.11 395.42 396.28 397.2 394.02 
Ti  0.0736 0.0737 0.0708 0.0778 0.0732 0.0737 0.0778 0.0684 
Gd  121.62 119.72 122.44 118.84 120.51 121.11 119.42 122.58 
Tb  625.12 612.78 625.59 612.38 617.25 621.6 620.11 618.04 
Dy  94.83 93.86 95.95 92.66 94.58 94.18 94.95 93.7 
Ho  450.52 438.84 452.34 437.08 444.95 445.09 444.73 445.37 
Er  151.92 148.53 152 148.47 150.86 149.71 150.53 150.09 
Tm  1075.33 1033.67 1061.69 1048.17 1062.99 1045.97 1050.7 1061.14 
Yb  163.85 158.12 162.93 159.14 161.14 161.13 159.44 163.38 
Lu  1002.68 975.76 999.56 979.26 986.36 993.89 985.73 994.96 





  28/04/06 117200-144  
Element  071N612 072N612 092N612 093N612 
Trace Element Concentrations MDL filtered  
Ba  37.75 37.73 37.79 37.69 
Nb  37.79 38.37 37.55 38.53 
La  35.98 35.56 35.53 36 
Ce  38.67 38.02 38.42 38.31 
Sr  75.94 76.41 75.3 76.94 
Nd  35.27 35.2 35.41 35.09 
Sm  36.8 36.66 36.26 37.16 
Zr  35.94 36.05 35.75 36.21 
Hf  34.89 34.69 33.88 35.64 
Eu  34.92 33.96 34.19 34.7 
Ti  48.59 47.62 47.93 48.3 
Gd  36.95 36.99 36.09 37.78 
Tb  36.37 35.48 35.49 36.36 
Dy  36.18 35.76 35.77 36.16 
Ho  38.11 37.65 37.3 38.43 
Er  37.52 37.37 36.56 38.28 
Tm  37.77 37.35 37 38.09 
Yb  39.69 40.27 39.05 40.81 
Lu  37.97 37.48 36.76 38.66 
1 sigma error     
Ba  1.24 1.24 1.24 1.24 
Nb  1.37 1.39 1.57 1.63 
La  1.18 1.17 1.25 1.27 
Ce  1.25 1.23 1.33 1.33 
Sr  2.52 2.54 2.76 2.84 
Nd  1.14 1.14 1.17 1.16 
Sm  1.27 1.26 1.4 1.44 
Zr  1.19 1.2 1.23 1.25 
Hf  1.4 1.39 1.82 1.96 
Eu  1.22 1.18 1.42 1.47 
Ti  1.86 1.83 2 2.02 
Gd  1.46 1.46 1.83 1.95 
Tb  1.29 1.26 1.53 1.59 
Dy  1.18 1.17 1.24 1.26 
Ho  1.33 1.31 1.55 1.61 
Er  1.46 1.45 1.85 1.97 
Tm  1.3 1.29 1.51 1.57 
Yb  1.55 1.58 1.99 2.12 
Lu  1.53 1.51 2 2.15 
Trace element concentrations normalised to chondrite 
Ba  11.07 11.07 11.08 11.05 
Nb  100.78 102.31 100.13 102.76 
La  98.05 96.89 96.82 98.1 
Ce  40.4 39.73 40.14 40.03 
Sr  6.38 6.42 6.33 6.47 
Nd  49.61 49.51 49.8 49.35 
Sm  159.31 158.69 156.98 160.85 
Zr  6.49 6.51 6.45 6.54 
Hf  194.9 193.79 189.29 199.12 
Eu  401.43 390.34 393.02 398.81 
Ti  0.0743 0.0728 0.0733 0.0739 
Gd  120.74 120.89 117.96 123.46 
Tb  627.11 611.73 611.84 626.83 
Dy  94.96 93.86 93.9 94.92 
Ho  447.82 442.4 438.36 451.53 
Er  150.7 150.08 146.82 153.75 
Tm  1060.82 1049.22 1039.42 1069.8 
Yb  160.05 162.36 157.45 164.56 
Lu  996.67 983.78 964.77 1014.82 





  24/04/06 24/04/06  25/04/06 25/04/06 25/04/06 25/04/06  25/04/06 
Element  R30 R8A  DJ0288 JAR 02093 DEJ03 JAR 02073  DEJ02 
Trace Element Concentrations MDL filtered      
Ba  664.53 656.05  635.24 650.24 638.87 655.2 650.81 651.15 
Nb  11.95 11.73  11.92 11.6 11.71 12.05 11.99 12.09 
La  23.71 24.36  23.98 22.87 23.59 24.75 24.27 25.16 
Ce  51.5 50.44  50.77 51.91 51.09 51.52 50.88 50.84 
Sr  328.2 324.7  317.67 320.26 319.99 329.24 323.97 332.93 
Nd  27.2 27.73  27.14 25.78 27.69 27.59 27.86 28.51 
Sm  6.35 6.33  6.07 5.72 5.95 6.17 6.32 6.32 
Zr  160.11 161.15  161.56 147.38 154.13 160.68 164.93 169.28 
Hf  4.31 4.35  4.46 3.89 4.1 4.37 4.41 4.56 
Eu  1.838 1.926  1.844 1.85 1.792 1.909 1.842 1.94 
Ti  14740.42 13936.86  14090.4 14485.95 14211.23 14845.87 14785.61 14191.91 
Gd  6.04 6.2  6.14 5.49 5.68 6.24 6.15 6.46 
Tb  0.889 0.908  0.901 0.832 0.871 0.935 0.941 0.989 
Dy  5.94 6.07  6.15 5.38 5.69 5.92 6.09 6.31 
Ho  1.176 1.197  1.187 1.065 1.115 1.197 1.195 1.236 
Er  3.35 3.35  3.42 3.02 3.03 3.25 3.49 3.48 
Tm  0.482 0.483  0.509 0.418 0.449 0.464 0.488 0.519 
Yb  3.14 3.25  3.23 3.13 2.98 3.29 3.32 3.41 
Lu  0.477 0.47  0.484 0.421 0.455 0.469 0.482 0.492 
1 sigma error         
Ba  23.89 20.53  24.11 26.27 25.68 22.41 22.19 20.66 
Nb  0.4 0.4  0.44 0.39 0.44 0.65 0.55 0.54 
La  0.78 0.79  0.84 0.87 0.89 1.05 0.79 0.96 
Ce  1.78 1.65  1.63 2.03 2.22 1.61 2.07 1.71 
Sr  11.01 11.07  10.45 10.46 11.39 11.79 11.86 11.8 
Nd  0.89 0.92  0.88 1.05 0.93 1.03 1.03 1.09 
Sm  0.27 0.25  0.25 0.22 0.32 0.23 0.27 0.29 
Zr  6.18 5.45  5.56 5.37 4.94 6.82 5.64 8.82 
Hf  0.18 0.2  0.16 0.15 0.16 0.16 0.15 0.16 
Eu  0.073 0.071  0.066 0.075 0.079 0.078 0.066 0.068 
Ti  952.38 3544.91  1049.69 1843.94 711.56 687.08 506.81 1228.73 
Gd  0.27 0.24  0.25 0.24 0.22 0.34 0.24 0.22 
Tb  0.04 0.036  0.035 0.035 0.034 0.044 0.035 0.042 
Dy  0.23 0.23  0.24 0.2 0.21 0.26 0.22 0.22 
Ho  0.043 0.048  0.043 0.041 0.049 0.051 0.046 0.052 
Er  0.16 0.13  0.12 0.13 0.12 0.18 0.12 0.18 
Tm  0.021 0.02  0.02 0.019 0.019 0.022 0.019 0.019 
Yb  0.12 0.14  0.13 0.13 0.12 0.16 0.12 0.13 
Lu  0.02 0.022  0.02 0.018 0.021 0.022 0.019 0.021 
Trace element concentrations normalised to chondrite    
Ba137  194.88 192.39  186.29 190.69 187.35 192.14 190.85 190.95 
Nb93  31.87 31.28  31.77 30.94 31.22 32.13 31.98 32.25 
La139  64.61 66.37  65.33 62.32 64.29 67.43 66.14 68.56 
Ce140  53.82 52.71  53.05 54.24 53.38 53.84 53.16 53.12 
Sr88  27.58 27.29  26.69 26.91 26.89 27.67 27.22 27.98 
Nd146  38.26 39  38.18 36.25 38.95 38.81 39.18 40.1 
Sm147  27.5 27.4  26.28 24.77 25.76 26.69 27.34 27.35 
Zr90  28.9 29.09  29.16 26.6 27.82 29 29.77 30.56 
Hf178  24.07 24.32  24.92 21.72 22.9 24.41 24.61 25.47 
Eu153  21.12 22.13  21.2 21.27 20.6 21.94 21.17 22.3 
Ti47  22.54 21.31  21.54 22.15 21.73 22.7 22.61 21.7 
Gd157  19.74 20.26  20.08 17.96 18.56 20.39 20.08 21.12 
Tb159  15.33 15.65  15.54 14.35 15.02 16.11 16.23 17.06 
Dy163  15.58 15.94  16.13 14.13 14.93 15.54 15.99 16.57 
Ho165  13.81 14.07  13.95 12.51 13.1 14.06 14.04 14.53 
Er166  13.46 13.45  13.75 12.12 12.19 13.06 14 13.96 
Tm169  13.54 13.56  14.3 11.74 12.6 13.03 13.7 14.57 
Yb172  12.64 13.12  13.04 12.6 12.01 13.25 13.39 13.75 
Lu175  12.52 12.34  12.71 11.04 11.95 12.32 12.66 12.92 





  26/06/06 26/06/06  27/04/06  28/04/06 28/04/06 28/04/06 28/04/06 
Element  DJ0285 JAR 20093  JAR 20113  RDK2 13978 117200-141 117200-144
Trace Element Concentrations MDL filtered      
Ba  639.56 661.47  655.71  661.84 659.29 649.15 631.43 
Nb  11.9 12.09  11.95  12.3 12.35 12.06 12.09 
La  22.92 24.1  23.18  24.64 24.03 23.82 23.82 
Ce  51.6 52.52  53.14  51.48 53.02 50.97 50.06 
Sr  319.31 327.98  317.93  328.12 329.55 324.12 320.11 
Nd  26.93 28.18  25.9  28.47 27.58 27.23 27.57 
Sm  5.89 6.17  6.15  6.3 6.32 5.96 6.36 
Zr  151.71 160.85  151.68  167.91 154.48 158.49 165.7 
Hf  4.27 4.17  4.01  4.55 3.97 4.1 4.38 
Eu  1.811 1.925  1.788  1.877 1.845 1.847 1.796 
Ti  14484.23 14510.25  14618.52  14968.05 15899.2 14934.22 15352.99 
Gd  5.78 5.9  5.43  6.17 5.75 6 6.17 
Tb  0.873 0.909  0.804  1.001 0.872 0.901 0.904 
Dy  5.65 5.96  5.5  6.4 5.61 5.7 6.07 
Ho  1.144 1.18  1.085  1.254 1.145 1.139 1.231 
Er  3.08 3.26  2.98  3.51 3.17 3.25 3.43 
Tm  0.454 0.462  0.451  0.497 0.464 0.478 0.463 
Yb  3.05 3.18  3.11  3.39 2.97 3.12 3.36 
Lu  0.454 0.458  0.462  0.509 0.447 0.438 0.484 
1 sigma error          
Ba  23.06 21.72  24.31  20.8 25.13 30.04 19.65 
Nb  0.4 0.47  0.43  0.44 0.48 0.45 0.51 
La  0.74 0.87  1.01  0.86 0.82 0.79 0.84 
Ce  1.78 2.22  1.93  1.6 1.86 1.9 1.72 
Sr  10.67 10.7  11.26  10.3 12.59 11.74 11.6 
Nd  1.06 1.22  1.11  1.06 1.26 1 0.92 
Sm  0.23 0.27  0.4  0.23 0.34 0.22 0.28 
Zr  5.21 6.12  5.83  7.19 5.19 5.27 5.63 
Hf  0.18 0.15  0.16  0.16 0.2 0.15 0.24 
Eu  0.065 0.079  0.069  0.068 0.079 0.067 0.084 
Ti  812.68 1203.05  489.49  2197.82 1218.02 1529.45 578.66 
Gd  0.22 0.23  0.23  0.27 0.28 0.25 0.34 
Tb  0.032 0.041  0.033  0.036 0.04 0.033 0.044 
Dy  0.21 0.22  0.24  0.22 0.26 0.21 0.23 
Ho  0.043 0.049  0.046  0.045 0.059 0.04 0.056 
Er  0.12 0.12  0.11  0.14 0.15 0.12 0.18 
Tm  0.021 0.019  0.02  0.021 0.027 0.021 0.024 
Yb  0.12 0.12  0.12  0.13 0.16 0.13 0.19 
Lu  0.02 0.02  0.021  0.023 0.024 0.019 0.03 
Trace element concentrations normalised to chondrite     
Ba137  187.56 193.98  192.29  194.09 193.34 190.37 185.17 
Nb93  31.75 32.23  31.86  32.81 32.94 32.16 32.23 
La139  62.44 65.66  63.16  67.14 65.47 64.91 64.89 
Ce140  53.91 54.88  55.52  53.79 55.4 53.26 52.31 
Sr88  26.83 27.56  26.72  27.57 27.69 27.24 26.9 
Nd146  37.87 39.64  36.42  40.05 38.79 38.3 38.77 
Sm147  25.51 26.7  26.62  27.26 27.35 25.82 27.52 
Zr90  27.39 29.04  27.38  30.31 27.88 28.61 29.91 
Hf178  23.88 23.29  22.42  25.42 22.19 22.9 24.49 
Eu153  20.82 22.13  20.55  21.57 21.21 21.23 20.65 
Ti47  22.15 22.19  22.35  22.89 24.31 22.84 23.48 
Gd157  18.89 19.29  17.75  20.15 18.78 19.62 20.17 
Tb159  15.06 15.68  13.86  17.26 15.04 15.53 15.59 
Dy163  14.83 15.64  14.43  16.8 14.71 14.96 15.93 
Ho165  13.44 13.87  12.75  14.73 13.46 13.39 14.47 
Er166  12.37 13.09  11.96  14.11 12.74 13.05 13.76 
Tm169  12.76 12.98  12.66  13.97 13.04 13.42 13.01 
Yb172  12.32 12.82  12.53  13.68 11.96 12.59 13.54 
Lu175  11.92 12.03  12.13  13.37 11.72 11.5 12.7 


















































Table D.4 – Trac pm), 1 ue element concentrations (p se errors, and chondrite normalized values (after McDonough & S n 1995). 
Trace Element Concentrations MDL filtered.                     DEJ02 
  GT            CPX             
Element  096gt11 097gt12 098gt13 099gt21 100gt22 101gt23  089cpx11 090cpx12 091cpx21 092cpx22 093cpx3 094cpx41 095cpx42 
Li  1.343 1.8 1.83 1.162 1.35 0.466  25.18 26.71 18.94 19.6 27.86 25.29 28.46 
Si   151281 177301.38 167254.41 162540.42 167467.73 164290.69  304250.69 338759.59 289471.84 292117.28 307811.16 299403.09 333630.06 
Si   149108.38 167575.16 164650.17 170050.31 164897.97 164602.61  301458.81 341803.97 288849.94 291663.44 305031.28 297989.78 340054.19 
Ca   6.94 6.94 6.94 6.94 6.94 6.94  15.52 15.52 15.52 15.52 15.52 15.52 15.52 
Ca   53115.56 53594.93 52502.71 53083.59 51839.82 53160.7  108718.34 108715.79 109531.47 109473.05 116107.66 111888.87 108459.17 
Sc   25.83 25.47 24.31 28.02 25.48 26.93  8.67 8.42 11.2 11.87 7.25 7.83 7.97 
Ti  994.28 996.24 1009.89 1024.34 1001.28 1059.12  2085.01 2055.8 2496.34 2430.97 1812.03 1815.53 1820.83 
V  40.18 46.27 45.55 42.16 44.06 43.63  207.15 232.14 301.11 316.86 192.99 184.13 220.2 
Cr  271.35 334.31 329.24 285.42 322.61 295.48  538.58 651.06 589.23 613.9 609.38 575.45 759.03 
Mn  867.7 1017.91 992.62 890.67 978.52 935.01  211.2 258.44 282.35 286.46 166.52 166.03 219.78 
Co  41.05 50.82 50.55 43.93 47.36 45.23  21.92 26.92 24.8 24.71 20.5 20.22 28.02 
Ni  57.92 74.68 71.43 61.55 66.47 64.34  333.08 424.99 361.26 357.02 478.27 390.58 525.7 
Zn  44.49 60.75 58.15 42.61 52.71 50.77  33.52 48.75 39.14 39.92 33.35 31.52 53.75 
Rb  <0.0149 <0.0128 <0.0125 <0.021 <0.0143 <0.0171  0.883 0.609 <0.021 <0.026 <0.029 <0.028 <0.0241 
Sr  1.635 1.643 1.741 1.46 1.642 1.22  205.76 205.47 208.03 216.55 186.59 190.96 191.94 
Y   2.45 2.5 2.37 2.88 2.57 2.72  0.441 0.361 0.826 0.803 0.224 0.193 0.212 
Zr   9.01 8.66 8.33 9.86 8.98 9.46  8.03 6.89 12.96 12.11 5.42 5.86 5.49 
Nb   <0.0028 <0.0041 0.0048 0.0065 <0.0050 0.0124  0.0255 0.0331 0.0166 0.0121 0.0207 0.0257 0.0125 
Ba  <0.0146 <0.015 <0.027 0.043 0.029 <0.00  20.13 28.66 0.236 0.108 0.058 0.269 0.17 
La  0.0434 0.0152 <0.0042 0.015 0.0173 0.0145  0.636 0.65 0.744 0.742 0.589 0.55 0.609 
Ce  0.0948 0.1159 0.119 0.0989 0.1185 0.1089  2.579 2.722 3.1 3.06 2.132 2.38 2.507 
Pr  0.07 0.0543 0.0657 0.0575 0.0629 0.0533  0.455 0.512 0.654 0.611 0.443 0.541 0.496 
Nd  1.034 0.904 0.894 0.73 0.825 0.897  2.82 2.86 3.64 2.96 2.24 2.47 2.72 
Sm  0.474 0.567 0.587 0.465 0.55 0.539  0.492 0.477 0.658 0.69 0.403 0.502 0.587 
Eu  0.327 0.369 0.377 0.301 0.292 0.286  0.168 0.165 0.215 0.23 0.135 0.147 0.147 
Gd  0.596 0.557 0.516 0.521 0.574 0.507  0.272 0.301 0.653 0.398 0.197 0.236 0.137 
Tb  0.0867 0.0884 0.0711 0.0772 0.0711 0.0925  0.0281 0.0118 0.0572 0.0588 0.0129 0.0282 0.0164 
Dy  0.416 0.447 0.418 0.473 0.506 0.504  0.102 0.194 0.18 0.268 0.065 0.09 0.08 
Ho  0.0908 0.0683 0.0793 0.1111 0.0877 0.0875  0.0125 0.0133 0.0343 0.0187 0.0035 0.0139 0.0065 
Er  0.299 0.262 0.262 0.333 0.222 0.257  0.0195 <0.0074 0.082 0.0498 0.0153 0.0326 <0.0135 
Tm  0.0496 0.0483 0.0468 0.0494 0.035 0.0464  <0.0026 0.0027 0.0067 0.0062 <0.0036 0.0021 <0.0036 
Yb  0.329 0.264 0.307 0.323 0.313 0.255  <0.0149 <0.0175 0.033 0.041 0.0077 0.032 <0.0117 
Lu  0.0403 0.0454 0.0558 0.0638 0.0558 0.0623  <0.0046 0.0086 0.0041 0.006 0.0039 <0.0044 0.00128 
Hf  0.202 0.219 0.143 0.196 0.357 0.193  0.401 0.336 0.789 0.729 0.314 0.292 0.197 
Ta  <0.00294 <0.0025 <0.00272 <0.0031 <0.00174 0.0026  0.0088 0.006 <0.0043 <0.0042 <0.0030 <0.0053 0.0046 
Pb  0.113 0.074 0.115 0.075 0.0261 0.07  0.289 0.452 0.422 0.378 0.367 0.272 0.396 
Th  <0.00152 0.0044 0.0025 <0.0028 <0.00 <0.0035  0.0051 0.0175 0.0057 0.0047 <0.0039 0.0051 0.004 
U  0.0034 0.00084 0.566 <0.00141 <0.00159 0.00243  0.0052 0.0212 <0.00143 0.0024 <0.0029 <0.0035 <0.0020 
  
1 sigma error.                         DEJ02 
  GT            CPX             
Element  096gt11 097gt12 098gt13 099gt21 100gt22 101gt23  089cpx11 090cpx12 091cpx21 092cpx22 093cpx3 094cpx41 095cpx42 
Li  0.089 0.12 0.13 0.085 0.1 0.045  1.38 1.47 1.06 1.12 1.62 1.51 1.75 
Si   8961.54 10577.43 10060.22 9862.21 10254.7 10157.78  17505.93 19518.53 16716.69 16925.96 17910.66 17512.35 19618.41 
Si   8448.88 9545.7 9439.22 9815.15 9585.86 9641.09  16726.4 18978.04 16060.53 16254.76 17051.51 16722.97 19155.67 
Ca   0.22 0.22 0.22 0.22 0.22 0.22  0.49 0.49 0.49 0.49 0.49 0.49 0.49 
Ca   1805.6 1831.26 1806.66 1839.62 1809.21 1868.78  3596.95 3602.71 3637.52 3647.59 3883.71 3761.19 3657.87 
Sc   0.94 0.93 0.9 1.05 0.96 1.02  0.31 0.31 0.4 0.43 0.27 0.3 0.3 
Ti  70.32 72.75 76.27 80.04 80.98 88.66  125.83 125.51 154.84 153.87 117.48 120.92 124.73 
V  1.67 1.95 1.96 1.84 1.96 1.98  7.96 8.96 11.7 12.42 7.66 7.4 8.96 
Cr  11.18 13.96 13.97 12.32 14.15 13.19  20.82 25.26 22.99 24.13 24.18 23.1 30.79 
Mn  31.14 36.82 36.26 32.88 36.49 35.25  7.3 8.95 9.81 10 5.85 5.88 7.82 
Co  1.48 1.83 1.83 1.6 1.73 1.66  0.79 0.96 0.89 0.89 0.74 0.74 1.01 
Ni  2.46 3.17 3.08 2.69 2.93 2.86  13.33 17.02 14.52 14.42 19.42 16.01 21.61 
Zn  3.53 4.96 4.92 3.75 4.79 4.78  2.28 3.33 2.73 2.85 2.45 2.4 4.13 
Rb  0.0073 0.0057 0.0061 0.011 0.0066 0.0074  0.046 0.035 0.01 0.012 0.012 0.014 0.0098 
Sr  0.065 0.064 0.069 0.06 0.066 0.05  6.76 6.77 6.87 7.18 6.21 6.4 6.45 
Y   0.11 0.11 0.11 0.13 0.12 0.12  0.025 0.021 0.039 0.04 0.017 0.017 0.015 
Zr   0.42 0.41 0.41 0.49 0.46 0.49  0.34 0.3 0.55 0.52 0.25 0.28 0.26 
Nb   0.0017 0.0025 0.0028 0.0034 0.0016 0.0033  0.005 0.0057 0.0045 0.0041 0.0054 0.0061 0.0045 
Ba  0.0088 0.01 0.011 0.016 0.013 <0.00  0.7 0.97 0.037 0.026 0.025 0.048 0.03 
La  0.0056 0.0033 0.0022 0.0031 0.0032 0.0027  0.03 0.03 0.033 0.034 0.03 0.031 0.029 
Ce  0.0079 0.0083 0.009 0.0081 0.0088 0.0079  0.092 0.096 0.11 0.11 0.079 0.09 0.089 
Pr  0.0061 0.005 0.0058 0.0056 0.0056 0.0047  0.021 0.023 0.027 0.026 0.021 0.027 0.022 
Nd  0.064 0.056 0.058 0.053 0.055 0.055  0.13 0.13 0.16 0.14 0.12 0.13 0.13 
Sm  0.043 0.045 0.049 0.043 0.047 0.044  0.045 0.043 0.051 0.058 0.044 0.055 0.049 
Eu  0.019 0.02 0.021 0.018 0.018 0.016  0.013 0.013 0.015 0.016 0.013 0.015 0.012 
Gd  0.047 0.043 0.043 0.045 0.046 0.04  0.032 0.033 0.049 0.039 0.032 0.038 0.022 
Tb  0.0069 0.0066 0.0061 0.0066 0.0062 0.0068  0.0042 0.003 0.0054 0.0059 0.0036 0.0048 0.0031 
Dy  0.031 0.03 0.031 0.034 0.034 0.033  0.015 0.021 0.02 0.026 0.013 0.017 0.015 
Ho  0.0072 0.006 0.0066 0.0084 0.007 0.0066  0.0028 0.0027 0.0041 0.0036 0.0014 0.0036 0.0024 
Er  0.024 0.021 0.022 0.026 0.02 0.021  0.0066 0.0048 0.011 0.0095 0.0051 0.0085 0.0052 
Tm  0.005 0.0046 0.0049 0.0051 0.0041 0.0044  0.0016 0.0011 0.0019 0.0024 0.0018 0.0012 0.0013 
Yb  0.028 0.023 0.027 0.029 0.027 0.023  0.0087 0.0054 0.011 0.011 0.0044 0.012 0.0049 
Lu  0.0045 0.0044 0.0054 0.0061 0.0053 0.0054  0.0018 0.0022 0.0016 0.0021 0.0022 0.0014 0.00074 
Hf  0.018 0.017 0.015 0.018 0.024 0.016  0.028 0.025 0.041 0.04 0.025 0.027 0.018 
Ta  0.00091 0.0011 0.00084 0.0013 0.00054 0.0014  0.0025 0.0023 0.002 0.0016 0.0019 0.003 0.0015 
Pb  0.013 0.01 0.014 0.012 0.0083 0.012  0.024 0.032 0.03 0.03 0.03 0.028 0.031 
Th  0.00047 0.0018 0.0015 0.0014 <0.00 0.0014  0.0027 0.0034 0.0019 0.0016 0.0012 0.0025 0.0018 







394 Table D.4 (continued) 
 
  
Trace element concentrations normalised to chondrite.                   DEJ02 
  GT            CPX             
Element  096gt11 097gt12 098gt13 099gt21 100gt22 101gt23  089cpx11 090cpx12 091cpx21 092cpx22 093cpx3 094cpx41 095cpx42 
Li  0.559 0.752 0.764 0.484 0.561 0.194  10.49 11.13 7.89 8.17 11.61 10.54 11.86 
Si   0.946 1.108 1.045 1.016 1.047 1.027  1.9 2.12 1.81 1.83 1.92 1.87 2.09 
Si   0.932 1.047 1.029 1.063 1.031 1.029  1.88 2.14 1.81 1.82 1.91 1.86 2.13 
Ca   3.68 3.68 3.68 3.68 3.68 3.68  8.22 8.22 8.22 8.22 8.22 8.22 8.22 
Ca   3.93 3.97 3.89 3.93 3.84 3.94  8.05 8.05 8.11 8.11 8.6 8.29 8.03 
Sc   2.99 2.95 2.81 3.24 2.95 3.12  1.003 0.975 1.296 1.374 0.84 0.906 0.923 
Ti  1.52 1.52 1.54 1.57 1.53 1.62  3.19 3.14 3.82 3.72 2.77 2.78 2.78 
V  0.473 0.544 0.536 0.496 0.518 0.513  2.437 2.73 3.54 3.73 2.27 2.166 2.59 
Cr  0.0683 0.0841 0.0828 0.0718 0.0812 0.0743  0.1355 0.1638 0.1482 0.1544 0.1533 0.1448 0.191 
Mn  0.295 0.346 0.338 0.303 0.333 0.318  0.0718 0.0879 0.096 0.0974 0.0566 0.0565 0.0748 
Co  0.0537 0.0665 0.0662 0.0575 0.062 0.0592  0.0287 0.0352 0.0325 0.0323 0.02683 0.02647 0.0367 
Ni  0.00351 0.00453 0.00433 0.00373 0.00403 0.0039  0.02019 0.0258 0.02189 0.02164 0.029 0.02367 0.0319 
Zn  0.0963 0.131 0.126 0.0922 0.114 0.11  0.0725 0.1055 0.0847 0.0864 0.0722 0.0682 0.1163 
Rb  0 0 0 0 0 0  0.256 0.176 0 0 0 0 0 
Sr  0.1374 0.1381 0.1463 0.1227 0.138 0.1026  17.29 17.27 17.48 18.2 15.68 16.05 16.13 
Y   1.091 1.11 1.054 1.282 1.142 1.209  0.196 0.1604 0.367 0.357 0.0998 0.0859 0.0943 
Zr   1.626 1.562 1.504 1.779 1.62 1.708  1.45 1.243 2.339 2.185 0.978 1.057 0.991 
Nb   0 0 0.0127 0.0174 0 0.033  0.068 0.088 0.044 0.032 0.055 0.069 0.033 
Ba  0 0 0 0.0127 0.0085 0  5.9 8.4 0.069 0.0316 0.017 0.079 0.0499 
La  0.118 0.0414 0 0.0407 0.0471 0.0396  1.732 1.771 2.027 2.022 1.604 1.497 1.661 
Ce  0.0991 0.1211 0.1243 0.1033 0.1238 0.1137  2.695 2.84 3.24 3.2 2.228 2.487 2.62 
Pr  0.511 0.397 0.48 0.42 0.459 0.389  3.32 3.74 4.77 4.46 3.23 3.95 3.62 
Nd  1.454 1.272 1.257 1.026 1.161 1.261  3.96 4.02 5.11 4.17 3.15 3.48 3.83 
Sm  2.05 2.45 2.54 2.01 2.38 2.33  2.13 2.07 2.85 2.99 1.75 2.17 2.54 
Eu  3.76 4.24 4.33 3.46 3.36 3.29  1.93 1.9 2.47 2.64 1.55 1.69 1.69 
Gd  1.95 1.82 1.69 1.7 1.88 1.66  0.89 0.99 2.13 1.3 0.64 0.77 0.447 
Tb  1.5 1.52 1.23 1.33 1.23 1.59  0.485 0.203 0.986 1.01 0.222 0.485 0.283 
Dy  1.093 1.173 1.097 1.24 1.329 1.323  0.268 0.509 0.474 0.705 0.17 0.237 0.209 
Ho  1.067 0.803 0.932 1.305 1.031 1.028  0.147 0.156 0.403 0.219 0.041 0.163 0.077 
Er  1.2 1.05 1.053 1.34 0.893 1.032  0.078 0 0.33 0.2 0.061 0.131 0 
Tm  1.39 1.36 1.32 1.39 0.98 1.3  0 0.077 0.187 0.173 0 0.06 0 
Yb  1.33 1.063 1.24 1.3 1.26 1.03  0 0 0.135 0.166 0.031 0.127 0 
Lu  1.06 1.19 1.46 1.67 1.46 1.63  0 0.227 0.108 0.158 0.103 0 0.033 
Hf  1.13 1.223 0.798 1.094 1.99 1.078  2.24 1.88 4.41 4.07 1.75 1.63 1.1 
Ta  0 0 0 0 0 0.099  0.339 0.229 0 0 0 0 0.176 
Pb  0.0309 0.0203 0.0316 0.0206 0.0072 0.0192  0.0792 0.1239 0.1157 0.1036 0.1005 0.0746 0.1084 
Th  0 0.104 0.06 0 0 0  0.121 0.412 0.135 0.111 0 0.119 0.095 







395 Table D.4 (continued) 
 
  
Trace Element Concentrations MDL filtered.                   DEJ03 
  GT            CPX           
Element  037gt11 038gt12 039gt13 040gt21 041gt22 042gt23  043cpx11 044cpx12 045cpx13 046cpx21 047cpx22 048cpx23 
Li  1.553 1.576 1.607 1.679 1.547 1.469  12.63 12.98 13.34 12.41 13.82 14.05 
Si   213673.02 225111.47 212011.63 214296.19 224262.88 209163.8  271703.34 278248.03 292795.59 271420.88 305283.16 308295.22 
Si   217863.2 230697.23 214900.34 219495.02 224082.5 211792.27  272536.41 278648.09 293248.63 271862.53 301464.91 303858.47 
Ca   3.59 3.59 3.59 3.59 3.59 3.59  14.62 14.62 14.62 14.62 14.62 14.62 
Ca   27516.67 26846.12 27324.75 26944.62 27547.63 27151.16  102929.16 103769.83 102478.31 103827.08 103689.98 104447.44 
Sc   44.13 36.84 37.89 45.6 37.66 37.25  17.22 15.8 15.38 18.82 18.66 18.56 
Ti  1742.75 1662.6 1744.58 1792.92 1631.53 1712.7  2319.23 2376.35 2306.45 2279.16 2249.79 2295.48 
V  80.44 63.05 48.99 88.69 57.3 51  276.25 282.66 291.47 336.64 392.73 384.76 
Cr  1781.29 2168.85 1821.74 1647.62 1859.08 1638.48  1974.53 1872.7 2202.69 1493.09 1803.34 1748.71 
Mn  2537.63 2669.71 1949.08 2563.74 2357.67 1953.78  748.02 750.66 805.76 723.69 910.32 902.46 
Co  63.42 70.65 64.33 63.36 71.26 65.17  30.1 31.01 34.89 28.31 36.63 34.52 
Ni  49.88 58.59 62.73 50.78 56.27 60.84  348.41 359.11 411.61 318.69 386.57 392.34 
Zn  48.67 59.29 54.64 47.7 56.63 52.8  43.69 44.19 54.62 41.84 57.55 57.68 
Rb  <0.039 <0.028 <0.036 <0.035 <0.028 <0.033  <0.027 <0.026 <0.026 <0.026 <0.026 <0.027 
Sr  0.588 0.43 0.56 0.471 0.102 0.512  258.02 266.09 267.23 273.46 275.16 274.51 
Y   9.59 6.4 6.29 10.89 6.1 6.13  2.027 1.833 1.798 2.006 1.884 1.798 
Zr   11.6 10.14 11.06 11.46 10.81 10.82  15.87 15.64 15 17.13 16.12 15.61 
Nb   <0.0066 <0.0114 <0.0112 0.0205 0.0243 0.0136  0.0247 0.04 0.0286 0.046 0.0244 0.0245 
Ba  0.064 <0.042 <0.058 <0.034 <0.040 0.045  0.385 0.336 0.335 0.182 0.22 0.42 
La  0.0122 0.01 0.0112 0.0133 0.0096 0.0089  1.475 1.531 1.315 1.542 1.539 1.482 
Ce  0.092 0.077 0.218 0.08 0.086 0.082  5.86 5.84 6.12 6.24 6.49 6.82 
Pr  0.0388 0.0324 0.0256 0.0198 0.0402 0.03  1.199 1.207 1.104 1.201 1.144 1.191 
Nd  0.515 0.528 0.273 0.543 0.46 0.435  6.18 6 6.02 6.27 6.02 5.75 
Sm  0.398 0.28 0.222 0.376 0.314 0.219  1.36 1.17 1.044 1.16 1.44 1.1 
Eu  0.19 0.198 0.258 0.193 0.241 0.266  0.356 0.401 0.387 0.446 0.367 0.391 
Gd  0.626 0.734 0.563 0.741 0.706 0.517  0.707 0.949 0.969 0.975 0.861 0.825 
Tb  0.168 0.133 0.119 0.149 0.119 0.12  0.126 0.103 0.109 0.103 0.122 0.089 
Dy  1.66 1.262 1.052 1.49 1.035 0.926  0.497 0.481 0.465 0.492 0.481 0.581 
Ho  0.37 0.223 0.231 0.384 0.241 0.202  0.073 0.077 0.0672 0.0701 0.072 0.066 
Er  1.147 0.893 0.621 1.319 0.623 0.694  0.149 0.127 0.187 0.186 0.167 0.167 
Tm  0.199 0.121 0.113 0.209 0.122 0.137  0.0106 0.0117 0.0131 0.025 0.0171 0.0252 
Yb  1.45 0.755 0.867 1.76 0.846 0.84  0.116 0.104 0.122 0.157 0.065 0.074 
Lu  0.234 0.139 0.155 0.217 0.154 0.162  0.0129 0.0095 0.011 0.0128 0.0091 0.0149 
Hf  0.212 0.151 0.118 0.27 0.233 0.182  0.891 0.863 0.879 0.999 1.003 0.781 
Ta  <0.0087 0.0044 <0.0038 <0.0065 <0.0056 <0.0070  0.0063 0.0069 0.0036 <0.0056 0.0118 0.0051 
Pb  0.083 0.059 0.055 0.093 0.06 0.103  0.435 0.515 0.57 0.508 0.675 0.618 
Th  <0.0069 <0.0051 <0.0034 <0.0034 <0.0040 <0.0044  0.0077 <0.00265 0.0035 <0.0041 <0.0047 <0.0054 
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 1 sigma error.                       DEJ03 
  GT            CPX           
Element  037gt11 038gt12 039gt13 040gt21 041gt22 042gt23  043cpx11 044cpx12 045cpx13 046cpx21 047cpx22 048cpx23 
Li  0.082 0.08 0.083 0.089 0.081 0.079  0.53 0.56 0.58 0.56 0.64 0.66 
Si   11564.58 12164.7 11472.18 11614.19 12136.81 11322.23  14600.12 14961.16 15744.87 14609.67 16453.57 16615.05 
Si   11664.77 12330.53 11501.66 11766.86 11995.47 11341.58  14487.56 14825.4 15607.79 14489.22 16094.67 16228.32 
Ca   0.12 0.12 0.12 0.12 0.12 0.12  0.47 0.47 0.47 0.47 0.47 0.47 
Ca   921.26 895.85 916.41 909.17 927.57 916.91  3415.35 3459.64 3428.86 3495.84 3517.07 3557.04 
Sc   1.53 1.28 1.32 1.6 1.32 1.31  0.61 0.57 0.55 0.67 0.68 0.67 
Ti  71.86 68.74 72.97 76.09 70 74.65  101.6 106.26 105.25 106.51 107.84 112.48 
V  2.9 2.28 1.79 3.25 2.11 1.9  10.08 10.43 10.86 12.72 15.07 14.94 
Cr  62.89 76.41 64.55 58.78 66.33 58.74  69.94 66.8 79.05 54.08 65.97 64.43 
Mn  83.61 87.56 64.14 84.68 77.51 64.22  24.09 24.19 25.93 23.32 29.38 29.06 
Co  2.31 2.55 2.34 2.32 2.6 2.38  1.11 1.15 1.28 1.06 1.38 1.29 
Ni  2.11 2.4 2.59 2.17 2.35 2.52  13.34 13.81 15.81 12.37 15.1 15.31 
Zn  3.21 3.89 3.67 3.32 3.97 3.81  3.26 3.4 4.29 3.44 4.88 5.02 
Rb  0.017 0.014 0.014 0.015 0.015 0.015  0.013 0.015 0.012 0.014 0.016 0.012 
Sr  0.041 0.032 0.039 0.038 0.039 0.037  8.74 9.08 9.18 9.48 9.65 9.7 
Y   0.37 0.25 0.25 0.43 0.25 0.25  0.098 0.092 0.087 0.099 0.099 0.09 
Zr   0.44 0.38 0.42 0.44 0.41 0.41  0.56 0.56 0.53 0.6 0.58 0.55 
Nb   0.0051 0.0067 0.0068 0.0078 0.0087 0.0071  0.0079 0.011 0.0087 0.011 0.0097 0.0086 
Ba  0.038 0.028 0.022 0.024 0.022 0.032  0.075 0.072 0.062 0.053 0.06 0.07 
La  0.0054 0.0056 0.0046 0.0058 0.0046 0.004  0.073 0.076 0.064 0.076 0.08 0.072 
Ce  0.013 0.012 0.021 0.013 0.012 0.012  0.24 0.25 0.26 0.27 0.29 0.3 
Pr  0.0079 0.0068 0.0067 0.0062 0.0077 0.0065  0.062 0.063 0.057 0.064 0.065 0.064 
Nd  0.07 0.066 0.048 0.073 0.062 0.059  0.29 0.29 0.28 0.29 0.31 0.27 
Sm  0.066 0.049 0.047 0.065 0.055 0.045  0.12 0.12 0.099 0.11 0.14 0.1 
Eu  0.023 0.022 0.027 0.025 0.025 0.026  0.031 0.034 0.03 0.035 0.035 0.031 
Gd  0.082 0.082 0.076 0.092 0.086 0.072  0.083 0.098 0.09 0.097 0.1 0.083 
Tb  0.016 0.013 0.013 0.016 0.013 0.013  0.013 0.012 0.011 0.012 0.014 0.01 
Dy  0.11 0.089 0.084 0.11 0.082 0.077  0.054 0.054 0.048 0.053 0.057 0.054 
Ho  0.026 0.018 0.019 0.028 0.02 0.018  0.01 0.011 0.0089 0.0098 0.011 0.0089 
Er  0.078 0.063 0.054 0.088 0.053 0.056  0.025 0.023 0.025 0.028 0.028 0.024 
Tm  0.018 0.013 0.013 0.019 0.013 0.014  0.0041 0.0044 0.0042 0.0056 0.0057 0.0055 
Yb  0.11 0.069 0.077 0.12 0.075 0.075  0.027 0.026 0.024 0.032 0.024 0.021 
Lu  0.019 0.013 0.015 0.019 0.015 0.015  0.0044 0.0043 0.0039 0.0039 0.0043 0.0044 
Hf  0.031 0.024 0.023 0.036 0.031 0.027  0.065 0.065 0.061 0.069 0.076 0.057 
Ta  0.0042 0.0029 0.0019 0.0032 0.0017 0.0026  0.0034 0.0044 0.0021 0.0036 0.005 0.0029 
Pb  0.02 0.018 0.02 0.022 0.018 0.021  0.042 0.047 0.048 0.046 0.061 0.053 
Th  0.0035 0.0026 0.001 0.0018 0.0018 0.0026  0.0039 0.00082 0.0023 0.0025 0.0026 0.0031 
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Trace element concentrations normalised to chondrite.                 DEJ03 
  GT            CPX           
Element  037gt11 038gt12 039gt13 040gt21 041gt22 042gt23  043cpx11 044cpx12 045cpx13 046cpx21 047cpx22 048cpx23 
Li  0.647 0.657 0.67 0.7 0.645 0.612  5.26 5.41 5.56 5.17 5.76 5.85 
Si   1.335 1.407 1.325 1.339 1.402 1.307  1.698 1.739 1.83 1.696 1.91 1.93 
Si   1.362 1.442 1.343 1.372 1.401 1.324  1.703 1.742 1.833 1.699 1.88 1.9 
Ca   1.902 1.902 1.902 1.902 1.902 1.902  7.74 7.74 7.74 7.74 7.74 7.74 
Ca   2.038 1.989 2.024 1.996 2.041 2.011  7.62 7.69 7.59 7.69 7.68 7.74 
Sc   5.11 4.26 4.39 5.28 4.36 4.31  1.994 1.828 1.781 2.179 2.16 2.148 
Ti  2.66 2.54 2.67 2.74 2.49 2.62  3.55 3.63 3.53 3.48 3.44 3.51 
V  0.946 0.742 0.576 1.043 0.674 0.6  3.25 3.33 3.43 3.96 4.62 4.53 
Cr  0.448 0.546 0.458 0.414 0.468 0.412  0.497 0.471 0.554 0.376 0.454 0.44 
Mn  0.863 0.908 0.663 0.872 0.802 0.665  0.2544 0.2553 0.2741 0.2462 0.3096 0.307 
Co  0.083 0.0925 0.0842 0.0829 0.0933 0.0853  0.0394 0.0406 0.0457 0.0371 0.0479 0.0452 
Ni  0.00302 0.00355 0.0038 0.00308 0.00341 0.00369  0.02112 0.02176 0.02495 0.01931 0.02343 0.02378 
Zn  0.1053 0.1283 0.1183 0.1033 0.1226 0.1143  0.0946 0.0956 0.1182 0.0906 0.125 0.125 
Rb  0 0 0 0 0 0  0 0 0 0 0 0 
Sr  0.0494 0.0361 0.0471 0.0396 0.0085 0.043  21.68 22.36 22.46 22.98 23.12 23.07 
Y   4.26 2.84 2.8 4.84 2.71 2.72  0.901 0.815 0.799 0.891 0.837 0.799 
Zr   2.094 1.83 1.996 2.068 1.951 1.952  2.86 2.82 2.708 3.09 2.91 2.817 
Nb   0 0 0 0.055 0.065 0.036  0.066 0.107 0.076 0.124 0.065 0.065 
Ba  0.019 0 0 0 0 0.0132  0.113 0.099 0.098 0.053 0.064 0.123 
La  0.033 0.027 0.031 0.036 0.026 0.024  4.02 4.17 3.58 4.2 4.19 4.04 
Ce  0.096 0.081 0.227 0.084 0.09 0.086  6.12 6.11 6.39 6.52 6.79 7.13 
Pr  0.283 0.237 0.187 0.144 0.293 0.219  8.75 8.81 8.06 8.77 8.35 8.69 
Nd  0.724 0.743 0.383 0.76 0.646 0.611  8.7 8.43 8.46 8.82 8.47 8.09 
Sm  1.72 1.21 0.96 1.63 1.36 0.95  5.88 5.07 4.52 5 6.25 4.78 
Eu  2.18 2.28 2.97 2.22 2.77 3.06  4.09 4.61 4.45 5.13 4.22 4.49 
Gd  2.05 2.4 1.84 2.42 2.31 1.69  2.31 3.1 3.17 3.18 2.81 2.7 
Tb  2.89 2.3 2.06 2.57 2.06 2.08  2.18 1.78 1.88 1.78 2.1 1.53 
Dy  4.36 3.31 2.76 3.92 2.72 2.43  1.3 1.26 1.22 1.29 1.26 1.52 
Ho  4.35 2.63 2.72 4.51 2.84 2.37  0.86 0.9 0.79 0.82 0.85 0.78 
Er  4.61 3.59 2.49 5.3 2.5 2.79  0.6 0.51 0.749 0.75 0.67 0.67 
Tm  5.58 3.39 3.18 5.88 3.42 3.85  0.3 0.33 0.37 0.7 0.48 0.71 
Yb  5.83 3.04 3.5 7.1 3.41 3.39  0.47 0.42 0.493 0.63 0.264 0.297 
Lu  6.13 3.65 4.07 5.7 4.03 4.26  0.34 0.25 0.29 0.34 0.24 0.39 
Hf  1.19 0.85 0.66 1.51 1.3 1.02  4.98 4.82 4.91 5.58 5.6 4.36 
Ta  0 0.17 0 0 0 0  0.24 0.26 0.139 0 0.45 0.2 
Pb  0.0227 0.0163 0.0151 0.0256 0.0163 0.0281  0.119 0.141 0.156 0.139 0.185 0.169 
Th  0 0 0 0 0 0  0.181 0 0.083 0 0 0 
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Trace Element Concentrations MDL filtered.                   DJ0285 
  GT            CPX           
Element  1.67 2.14 1.92 1.81 1.61 1.73  15.36 15.39 17.37 15.65 17.33 16.74 
Li  209602.63 250079.83 225099.13 202299.17 216818.41 210807.28  324457.34 322237.53 350543.47 316696.44 341568.03 336252.13 
Si   210411.27 249016.42 225177.55 201550.13 215673.23 211138.27  324534.06 322774.19 345717.25 318268.16 337071.72 334741.19 
Si   5.95 5.95 5.95 5.95 5.95 5.95  17.88 17.88 17.88 17.88 17.88 17.88 
Ca   44957.62 44171.86 44569.5 44690.32 45280.78 44999.48  127066.76 127173.38 125707.59 125681.09 128577.47 127270.23 
Ca   44.3 47.18 48.34 45.33 49.53 48.69  19.96 18.71 17.97 17.34 17.34 17.21 
Sc   1675.83 1912.01 1850.5 1869.69 1887.68 1940.19  2417.22 2461.63 2470.58 2441.25 2485.01 2552.51 
Ti  102.78 117.52 103.58 90.34 98.2 102.41  411.25 395.69 439.83 397.38 413.5 412.2 
V  644.13 832.92 692.1 565.27 610.89 611.76  878.65 897.92 976.04 783.25 921.82 812.24 
Cr  2393.07 2928.26 2553.85 2230.21 2410.53 2368.24  436.4 436.24 504.02 444.83 531.79 492.99 
Mn  60.91 79.99 66.29 57.7 62.27 60.01  27.91 27.73 33.34 28.05 33.38 31.62 
Co  51.68 64.64 54.39 48.17 50.81 50.11  359.63 350.73 404.1 358.36 409.73 391.71 
Ni  46.98 68.11 52.48 42.96 46.15 45.87  33.66 35.12 47.3 36.64 47.82 43.49 
Zn  <0.031 <0.021 <0.035 <0.029 <0.036 <0.023  0.022 <0.018 <0.020 <0.022 0.035 0.034 
Rb  1.941 0.951 1.078 0.673 0.685 0.76  266.09 264.26 265.89 258.5 259.41 254.77 
Sr  15.34 15.83 16.8 18.71 16.8 16.07  1.545 1.426 1.356 1.373 1.331 1.337 
Y   14.91 14.22 14.3 15.76 14.74 16.83  18.38 18.08 16.89 16.52 15.57 16.01 
Zr   <0.0097 0.0061 <0.0087 0.0069 <0.0170 0.0098  0.0222 0.0298 0.0121 0.0246 0.0232 0.0247 
Nb   0.633 0.202 1.03 <0.055 0.023 <0.047  0.482 0.296 0.402 0.512 0.356 0.217 
Ba  0.0076 0.0122 0.0184 0.0132 0.0109 0.0148  1.147 1.119 1.015 1.038 1.029 1.071 
La  0.187 0.178 0.136 0.131 0.137 0.139  4.53 4.35 4.94 4.41 4.66 4.46 
Ce  0.0675 0.0665 0.0572 0.0609 0.0661 0.0577  0.902 0.866 0.936 0.858 0.884 0.872 
Pr  0.782 0.665 0.721 0.783 0.79 0.763  4.71 4.8 4.52 4.67 4.39 4.27 
Nd  0.794 0.649 0.594 0.554 0.649 0.561  1.08 1.044 0.942 1.009 0.927 0.978 
Sm  0.355 0.353 0.313 0.4 0.363 0.345  0.31 0.293 0.223 0.261 0.296 0.279 
Eu  1.54 1.42 1.53 1.8 1.5 1.5  0.807 0.766 0.741 0.728 0.776 0.785 
Gd  0.319 0.275 0.34 0.386 0.317 0.305  0.113 0.0834 0.0974 0.082 0.0778 0.095 
Tb  2.52 2.55 2.62 2.94 2.85 2.57  0.487 0.44 0.461 0.382 0.444 0.428 
Dy  0.598 0.632 0.628 0.707 0.636 0.616  0.059 0.0613 0.0587 0.0608 0.0603 0.0667 
Ho  1.769 1.623 1.885 2.1 2.01 1.812  0.108 0.116 0.105 0.103 0.134 0.094 
Er  0.245 0.262 0.264 0.3 0.275 0.284  0.0084 0.0129 0.014 0.0088 0.0152 0.0136 
Tm  1.67 1.94 1.72 1.86 1.91 1.82  0.078 0.085 0.092 0.045 0.077 0.051 
Yb  0.285 0.299 0.299 0.317 0.308 0.243  0.0061 0.0058 <0.0036 0.0052 <0.0280 0.0043 
Lu  0.398 0.287 0.274 0.29 0.324 0.328  1.082 0.936 1.007 0.984 0.943 0.909 
Hf  0.0033 <0.0029 <0.0092 <0.0052 <0.0059 <0.0044  0.0049 <0.0035 0.0035 0.0073 <0.0039 <0.0044 
Ta  0.132 0.168 0.153 0.146 0.131 <0.098  0.443 0.531 0.596 0.567 0.603 0.567 
Pb  0.0047 <0.0026 <0.0047 <0.0033 <0.0065 <0.0039  <0.0045 0.0041 <0.0039 0.0049 0.0028 0.0056 
Th  <0.0040 <0.00276 <0.0051 <0.0203 0.0108 <0.0021  <0.00166 0.0042 <0.0033 0.0037 <0.0026 <0.0030 







399 Table D.4 (continued) 
 
  
1 sigma error.                       DJ0285 
  GT            CPX           
Element  009gt11 010gt12 011gt13 012gt21 013gt22 014gt23  003cpx11 004cpx12 005cpx13 006cpx21 007cpx22 008cpx23 
Li  0.11 0.14 0.14 0.13 0.12 0.14  0.78 0.8 0.92 0.85 0.97 0.97 
Si   12216.13 14798.42 13539.35 12383.65 13513.66 13390.98  17664.74 17683.36 19407.84 17717.71 19327.71 19274.93 
Si   11479.35 13735.68 12568.53 11395.19 12352.21 12259.49  16812.68 16827.04 18144 16834.98 17977.81 18023.96 
Ca   0.19 0.19 0.19 0.19 0.19 0.19  0.57 0.57 0.57 0.57 0.57 0.57 
Ca   1433.68 1409.6 1423.58 1430.07 1448.82 1440.19  4011.26 4017.37 3969.17 3970.14 4059.19 4020.39 
Sc   1.75 1.9 1.99 1.91 2.14 2.16  0.74 0.7 0.68 0.66 0.67 0.68 
Ti  75.68 89.07 89.22 93.56 98.14 105.02  95.49 98.66 100.63 101.48 105.61 111.37 
V  4.43 5.18 4.68 4.2 4.68 5.02  16.03 15.57 17.5 16.04 16.96 17.24 
Cr  30.32 40.28 34.46 29.03 32.37 33.47  36.88 38.11 42 34.31 41.17 37.13 
Mn  83.85 103.55 91.25 80.63 88.13 87.64  14.7 14.75 17.09 15.17 18.23 17.03 
Co  2.31 3.07 2.58 2.29 2.5 2.45  1.02 1.02 1.23 1.05 1.25 1.2 
Ni  3.13 4.04 3.55 3.29 3.6 3.7  18.08 17.95 21.09 19.2 22.55 22.27 
Zn  3.53 5.29 4.28 3.68 4.12 4.29  2.14 2.28 3.1 2.49 3.32 3.14 
Rb  0.012 0.011 0.015 0.015 0.018 0.012  0.011 0.01 0.011 0.011 0.011 0.012 
Sr  0.083 0.049 0.055 0.041 0.042 0.045  8.51 8.47 8.53 8.32 8.36 8.24 
Y   0.52 0.54 0.57 0.64 0.58 0.56  0.068 0.066 0.062 0.064 0.06 0.062 
Zr   0.54 0.52 0.53 0.58 0.55 0.63  0.64 0.63 0.59 0.58 0.55 0.57 
Nb   0.0056 0.004 0.0052 0.0048 0.0078 0.0058  0.0071 0.0084 0.0057 0.0069 0.0068 0.0073 
Ba  0.086 0.047 0.11 0.024 0.016 0.018  0.07 0.057 0.063 0.076 0.059 0.052 
La  0.0038 0.0041 0.0051 0.0054 0.0056 0.0054  0.053 0.053 0.048 0.05 0.048 0.051 
Ce  0.017 0.016 0.014 0.015 0.015 0.015  0.16 0.16 0.18 0.16 0.17 0.16 
Pr  0.0084 0.0087 0.0079 0.009 0.0096 0.0089  0.04 0.041 0.042 0.04 0.039 0.04 
Nd  0.075 0.067 0.073 0.079 0.081 0.077  0.22 0.24 0.22 0.23 0.21 0.22 
Sm  0.077 0.07 0.07 0.071 0.075 0.072  0.09 0.093 0.084 0.09 0.08 0.087 
Eu  0.027 0.027 0.026 0.031 0.029 0.028  0.024 0.025 0.02 0.023 0.023 0.023 
Gd  0.11 0.11 0.11 0.13 0.12 0.12  0.076 0.078 0.073 0.075 0.073 0.077 
Tb  0.02 0.018 0.021 0.024 0.021 0.021  0.011 0.0097 0.0099 0.0094 0.0084 0.01 
Dy  0.13 0.13 0.14 0.15 0.15 0.14  0.046 0.046 0.044 0.042 0.043 0.043 
Ho  0.031 0.033 0.033 0.037 0.034 0.034  0.0078 0.0083 0.0078 0.0083 0.0075 0.0084 
Er  0.092 0.088 0.099 0.11 0.11 0.1  0.018 0.02 0.018 0.018 0.019 0.017 
Tm  0.017 0.018 0.019 0.021 0.02 0.02  0.0035 0.0039 0.0038 0.0034 0.0039 0.0039 
Yb  0.1 0.11 0.11 0.12 0.12 0.11  0.02 0.021 0.02 0.016 0.018 0.015 
Lu  0.019 0.02 0.02 0.022 0.021 0.018  0.0029 0.0028 0.0023 0.003 0.0093 0.0025 
Hf  0.037 0.031 0.031 0.034 0.036 0.036  0.067 0.063 0.064 0.065 0.06 0.061 
Ta  0.0019 0.0022 0.0037 0.0031 0.0026 0.0026  0.0028 0.0023 0.0023 0.0032 0.0016 0.0013 
Pb  0.022 0.024 0.025 0.025 0.024 0.047  0.04 0.047 0.05 0.049 0.051 0.051 
Th  0.0027 0.0016 0.0018 0.001 0.0031 0.002  0.0027 0.0026 0.0025 0.0027 0.0019 0.0028 







400 Table D.4 (continued) 
 
  
Trace element concentrations normalised to chondrite.                 DJ0285 
  GT            CPX           
Element  009gt11 010gt12 011gt13 012gt21 013gt22 014gt23  003cpx11 004cpx12 005cpx13 006cpx21 007cpx22 008cpx23 
Li  0.695 0.892 0.802 0.756 0.669 0.72  6.4 6.41 7.24 6.52 7.22 6.98 
Si   1.31 1.563 1.407 1.264 1.355 1.318  2.03 2.01 2.19 1.98 2.13 2.1 
Si   1.315 1.556 1.407 1.26 1.348 1.32  2.03 2.02 2.16 1.99 2.11 2.09 
Ca   3.15 3.15 3.15 3.15 3.15 3.15  9.46 9.46 9.46 9.46 9.46 9.46 
Ca   3.33 3.27 3.3 3.31 3.35 3.33  9.41 9.42 9.31 9.31 9.52 9.43 
Sc   5.13 5.46 5.59 5.25 5.73 5.64  2.311 2.166 2.08 2.007 2.007 1.992 
Ti  2.56 2.92 2.83 2.86 2.89 2.97  3.7 3.76 3.78 3.73 3.8 3.9 
V  1.209 1.383 1.219 1.063 1.155 1.205  4.84 4.66 5.17 4.68 4.86 4.85 
Cr  0.162 0.21 0.1741 0.1422 0.1537 0.1539  0.221 0.2259 0.246 0.197 0.232 0.2043 
Mn  0.814 0.996 0.869 0.759 0.82 0.806  0.1484 0.1484 0.1714 0.1513 0.1809 0.1677 
Co  0.0797 0.1047 0.0868 0.0755 0.0815 0.0785  0.0365 0.0363 0.0436 0.0367 0.0437 0.0414 
Ni  0.00313 0.00392 0.0033 0.00292 0.00308 0.00304  0.0218 0.0213 0.0245 0.0217 0.0248 0.0237 
Zn  0.1017 0.147 0.1136 0.093 0.0999 0.0993  0.0729 0.076 0.1024 0.0793 0.1035 0.0941 
Rb  0 0 0 0 0 0  0.0064 0 0 0 0.0102 0.0099 
Sr  0.1631 0.0799 0.0906 0.0566 0.0576 0.0638  22.36 22.21 22.34 21.72 21.8 21.41 
Y   6.82 7.04 7.47 8.31 7.46 7.14  0.686 0.634 0.603 0.61 0.591 0.594 
Zr   2.691 2.567 2.582 2.85 2.661 3.04  3.32 3.26 3.05 2.98 2.811 2.89 
Nb   0 0.016 0 0.019 0 0.026  0.059 0.079 0.032 0.066 0.062 0.066 
Ba  0.186 0.059 0.303 0 0.0067 0  0.141 0.087 0.118 0.15 0.104 0.064 
La  0.021 0.033 0.05 0.036 0.03 0.04  3.12 3.05 2.77 2.83 2.8 2.92 
Ce  0.196 0.186 0.143 0.137 0.143 0.145  4.73 4.54 5.17 4.6 4.87 4.66 
Pr  0.493 0.486 0.417 0.444 0.483 0.421  6.58 6.32 6.83 6.26 6.45 6.37 
Nd  1.1 0.935 1.01 1.1 1.11 1.07  6.62 6.75 6.36 6.57 6.18 6.01 
Sm  3.44 2.81 2.57 2.4 2.81 2.43  4.67 4.52 4.08 4.37 4.01 4.23 
Eu  4.08 4.06 3.6 4.6 4.17 3.96  3.56 3.37 2.56 3 3.4 3.2 
Gd  5.02 4.64 5 5.89 4.92 4.92  2.64 2.5 2.42 2.38 2.53 2.57 
Tb  5.5 4.75 5.86 6.65 5.46 5.25  1.95 1.44 1.68 1.41 1.34 1.64 
Dy  6.61 6.68 6.89 7.72 7.47 6.75  1.28 1.16 1.21 1 1.17 1.12 
Ho  7.03 7.43 7.38 8.31 7.48 7.23  0.693 0.72 0.689 0.714 0.708 0.784 
Er  7.1 6.52 7.57 8.44 8.06 7.28  0.432 0.465 0.423 0.414 0.537 0.379 
Tm  6.89 7.36 7.43 8.42 7.73 7.98  0.236 0.36 0.39 0.246 0.43 0.38 
Yb  6.73 7.82 6.93 7.51 7.72 7.33  0.316 0.345 0.372 0.18 0.31 0.207 
Lu  7.48 7.84 7.84 8.32 8.09 6.38  0.16 0.153 0 0.137 0 0.112 
Hf  2.23 1.6 1.53 1.62 1.81 1.83  6.04 5.23 5.63 5.5 5.27 5.08 
Ta  0.126 0 0 0 0 0  0.19 0 0.136 0.28 0 0 
Pb  0.0361 0.046 0.0418 0.04 0.0359 0  0.121 0.146 0.163 0.155 0.165 0.155 
Th  0.112 0 0 0 0 0  0 0.096 0 0.115 0.066 0.131 







401 Table D.4 (continued) 
 
  
Trace Element Concentrations MDL filtered.                     DJ0287 
  GT            CPX             
Element  074gt11 075gt12 076gt13 077gt21 078gt22 079gt23  071cpx11 072cpx12 073cpx13 080cpx21 081cpx22 082cpx23 083cpx 
Li  0.933 1.148 1.052 1.235 1.77 1.261  6.16 7.15 6.5 5.51 5.47 5.46 6.71 
Si   187969.58 192629.59 195478.63 211128.53 229104.84 209661.3  263183.72 264801.63 273307.44 253980.42 266697.34 261979.31 264259.06 
Si   187322.95 194463.06 194799.89 211529.36 235777.77 209908.25  262725.5 264871.25 273342.09 253024.59 270335.91 263111.69 263325.63 
Ca   4.18 4.18 4.18 4.18 4.18 4.18  15.85 15.85 15.85 15.85 15.85 15.85 15.85 
Ca   31847.82 32035.57 31352 31429.19 31515.5 31119.87  112633.84 112323.78 112826.99 112727.66 111823.07 112349.62 112754.52 
Sc   77.54 79.59 63.43 57.69 58.72 67.84  23.47 23.01 24.22 29.83 27.96 28.16 26.8 
Ti  2329.94 2435.18 2207.5 3424.86 3509.02 2974.17  2493.96 2450.02 2568.11 2415.32 2350.94 2408.56 2557.96 
V  151.31 162.52 143.42 184.81 208.1 175.33  395.52 405.86 427.69 435.4 453.19 412.94 414.61 
Cr  1187.58 1180.38 983.83 1271.72 1467.02 1135.93  994.41 958.7 1005.77 1915.69 1670.54 1394.01 992.53 
Mn  3176.35 3313.63 3352.71 2946.76 3050.3 2939.96  868.07 879.16 950.43 841.14 926.49 892.03 870.73 
Co  47.59 52.14 53.95 59.52 71.18 59.4  29.17 29.78 30.89 28.28 31.57 28.79 29.01 
Ni  26.44 28.41 30.34 40.54 51.41 39.47  255.07 271.16 267.26 202.96 217.38 216.2 236.65 
Zn  30.27 35.08 37.43 40.49 52.36 43.95  35.39 34.52 38.78 36.63 43.02 37.14 39.37 
Rb  0.11 <0.032 0.037 <0.034 0.071 0.036  <0.024 0.043 <0.025 <0.029 <0.0154 <0.0173 0.047 
Sr  1.033 1.805 0.576 0.675 0.639 0.608  305.7 277.62 275.87 323.76 332.46 324.13 315.27 
Y   25.19 25.74 20.04 29.03 28.27 29.26  3.6 3.52 3.34 3.6 3.53 3.58 3.78 
Zr   55.1 52.32 26.62 32.94 27.65 27.73  49.77 38.45 42.04 53.32 53.37 55.99 50.86 
Nb   0.101 0.096 <0.0163 0.0386 0.0178 0.0272  0.076 0.097 0.063 0.071 0.076 0.065 0.087 
Ba  1.17 0.451 <0.069 0.365 0.499 0.178  0.641 0.665 0.594 0.713 0.556 0.641 0.656 
La  0.066 0.259 0.0163 0.0278 0.0222 0.0163  2.69 2.6 2.62 2.67 2.641 2.68 2.71 
Ce  0.275 0.604 0.162 0.197 0.185 0.139  10.42 9.94 10.41 10.47 11.24 10.96 10.56 
Pr  0.087 0.118 0.094 0.0639 0.0666 0.0725  1.966 1.816 1.928 2.05 2.051 2.132 2.044 
Nd  0.902 1.155 0.851 0.713 0.534 0.729  10.8 8.58 9.83 10.67 10.66 10.85 9.86 
Sm  0.677 0.765 0.623 0.658 0.534 0.529  1.74 1.64 1.77 1.91 1.93 2.08 2.1 
Eu  0.358 0.307 0.246 0.314 0.304 0.298  0.527 0.465 0.42 0.555 0.504 0.519 0.472 
Gd  1.59 1.48 1.35 1.7 1.41 1.69  1.337 1.22 1.24 1.4 1.522 1.56 1.44 
Tb  0.376 0.35 0.293 0.405 0.42 0.391  0.168 0.163 0.15 0.187 0.266 0.165 0.191 
Dy  3.79 3.37 2.88 3.88 3.83 3.94  0.917 0.892 0.865 0.909 0.843 1.008 0.979 
Ho  0.975 0.972 0.708 1.035 1.089 1.028  0.141 0.137 0.124 0.155 0.1203 0.146 0.149 
Er  3.5 3.51 2.66 3.75 3.82 3.51  0.348 0.301 0.297 0.3 0.33 0.376 0.394 
Tm  0.515 0.512 0.429 0.577 0.551 0.577  0.0298 0.0451 0.0313 0.0338 0.0349 0.0363 0.0434 
Yb  3.96 4.27 3.31 4.24 3.93 4.2  0.192 0.194 0.165 0.227 0.197 0.184 0.157 
Lu  0.689 0.695 0.558 0.71 0.645 0.687  0.017 0.0211 0.0301 0.0261 0.0217 0.0305 0.0167 
Hf  1.281 1.261 0.439 0.699 0.565 0.501  2.75 1.738 2.37 3.45 3.59 3.8 3.26 
Ta  0.005 0.0087 <0.0079 <0.0040 <0.0087 <0.0040  0.0107 0.0117 0.0088 0.0063 0.0083 0.0145 0.0149 
Pb  0.072 0.123 0.104 0.06 0.061 <0.033  0.652 0.573 0.728 0.687 0.784 0.771 0.695 
Th  0.0115 0.0224 <0.0049 0.0024 <0.0060 <0.0050  0.0197 0.0157 0.0216 0.0112 0.0108 0.0151 0.016 







402 Table D.4 (continued) 
 
  
1 sigma error.                         DJ0287 
  GT            CPX             
Element  074gt11 075gt12 076gt13 077gt21 078gt22 079gt23  071cpx11 072cpx12 073cpx13 080cpx21 081cpx22 082cpx23 083cpx 
Li  0.067 0.076 0.073 0.085 0.12 0.09  0.32 0.38 0.35 0.35 0.36 0.37 0.47 
Si   10116.1 10367.83 10545.24 11420.79 12438.38 11400.96  13979.1 14093.26 14570.17 13765.07 14489.96 14285.15 14460.91 
Si   10012.53 10401.49 10451.81 11391.21 12756.87 11388.56  13838.58 13984.27 14461.69 13699.05 14692.71 14374.13 14460.95 
Ca   0.14 0.14 0.14 0.14 0.14 0.14  0.51 0.51 0.51 0.51 0.5 0.51 0.51 
Ca   1031.13 1031.37 1009.72 1013.44 1019.69 1003.69  3560.37 3555.64 3571.21 3567.49 3532.65 3554.05 3569.31 
Sc   2.62 2.67 2.14 1.95 2 2.3  0.79 0.78 0.82 1.01 0.94 0.95 0.91 
Ti  79.94 83.13 75.56 117.35 120.9 102.47  83.31 82.13 86.14 82.14 79.94 82.34 87.83 
V  7.68 8.39 7.57 9.99 11.56 10  19.1 19.79 21.12 25.4 27.22 25.58 26.48 
Cr  78.23 79.45 67.97 90.4 107.54 85.89  62.24 60.68 64.65 149.2 134.5 116.12 85.55 
Mn  110.95 115.77 117.83 104.34 109.07 105.69  29.46 29.95 32.48 30.09 33.4 32.53 32.11 
Co  1.87 2.04 2.13 2.38 2.88 2.43  1.11 1.15 1.19 1.17 1.31 1.22 1.26 
Ni  1.7 1.84 2.01 2.73 3.57 2.84  14.33 15.49 15.56 14.67 16.28 16.85 19.19 
Zn  1.44 1.59 1.69 1.82 2.33 1.97  1.54 1.55 1.71 1.61 1.81 1.62 1.72 
Rb  0.023 0.016 0.017 0.018 0.02 0.016  0.012 0.014 0.013 0.014 0.0075 0.009 0.016 
Sr  0.059 0.083 0.037 0.042 0.043 0.039  10.19 9.29 9.26 11.38 11.78 11.62 11.44 
Y   0.87 0.88 0.69 1 0.98 1.01  0.14 0.14 0.13 0.14 0.13 0.14 0.15 
Zr   1.91 1.8 0.94 1.16 0.99 0.99  1.67 1.31 1.43 1.83 1.82 1.93 1.77 
Nb   0.018 0.015 0.0079 0.0095 0.0092 0.0084  0.012 0.015 0.012 0.013 0.01 0.01 0.013 
Ba  0.13 0.076 0.031 0.068 0.085 0.055  0.079 0.089 0.082 0.087 0.059 0.075 0.082 
La  0.012 0.022 0.0057 0.0077 0.0081 0.0059  0.1 0.1 0.1 0.1 0.096 0.1 0.1 
Ce  0.024 0.036 0.016 0.018 0.019 0.015  0.38 0.37 0.39 0.41 0.44 0.44 0.44 
Pr  0.011 0.012 0.011 0.0091 0.0099 0.0096  0.074 0.072 0.076 0.078 0.074 0.079 0.078 
Nd  0.091 0.096 0.08 0.076 0.069 0.077  0.42 0.37 0.41 0.44 0.42 0.45 0.42 
Sm  0.083 0.083 0.072 0.076 0.072 0.07  0.12 0.12 0.13 0.13 0.11 0.13 0.14 
Eu  0.031 0.026 0.023 0.027 0.028 0.026  0.032 0.033 0.031 0.034 0.027 0.031 0.031 
Gd  0.14 0.12 0.11 0.13 0.12 0.13  0.098 0.1 0.11 0.11 0.094 0.11 0.11 
Tb  0.025 0.022 0.02 0.025 0.027 0.025  0.013 0.014 0.013 0.014 0.015 0.012 0.014 
Dy  0.19 0.17 0.15 0.19 0.19 0.19  0.063 0.069 0.067 0.065 0.052 0.066 0.068 
Ho  0.049 0.046 0.037 0.049 0.053 0.049  0.012 0.013 0.012 0.013 0.0091 0.012 0.013 
Er  0.16 0.15 0.13 0.16 0.17 0.16  0.031 0.033 0.033 0.03 0.026 0.032 0.034 
Tm  0.031 0.029 0.025 0.032 0.032 0.032  0.0052 0.0071 0.0061 0.0058 0.0046 0.0054 0.0065 
Yb  0.2 0.2 0.17 0.2 0.2 0.2  0.027 0.031 0.029 0.032 0.023 0.026 0.026 
Lu  0.037 0.035 0.03 0.036 0.035 0.035  0.004 0.0053 0.0058 0.0051 0.0037 0.005 0.0041 
Hf  0.083 0.076 0.041 0.054 0.051 0.045  0.12 0.093 0.11 0.14 0.14 0.15 0.14 
Ta  0.0035 0.0038 0.0037 0.0023 0.0041 0.0018  0.0044 0.0047 0.0043 0.0033 0.0025 0.0039 0.0039 
Pb  0.019 0.02 0.02 0.021 0.017 0.017  0.04 0.041 0.048 0.044 0.042 0.046 0.045 
Th  0.0044 0.005 0.0025 0.0017 0.003 0.0015  0.0042 0.0042 0.0053 0.0035 0.0028 0.0036 0.004 







403 Table D.4 (continued) 
 
  
Trace element concentrations normalised to chondrite.                   DJ0287 
  GT            CPX             
Element  074gt11 075gt12 076gt13 077gt21 078gt22 079gt23  071cpx11 072cpx12 073cpx13 080cpx21 081cpx22 082cpx23 083cpx 
Li  0.389 0.478 0.438 0.515 0.74 0.526  2.57 2.98 2.71 2.29 2.28 2.27 2.8 
Si   1.175 1.204 1.222 1.32 1.432 1.31  1.645 1.655 1.708 1.587 1.667 1.637 1.652 
Si   1.171 1.215 1.217 1.322 1.474 1.312  1.642 1.655 1.708 1.581 1.69 1.644 1.646 
Ca   2.213 2.213 2.213 2.213 2.213 2.213  8.39 8.39 8.39 8.39 8.39 8.39 8.39 
Ca   2.359 2.373 2.322 2.328 2.334 2.305  8.34 8.32 8.36 8.35 8.28 8.32 8.35 
Sc   8.97 9.21 7.34 6.68 6.8 7.85  2.716 2.663 2.804 3.45 3.24 3.26 3.1 
Ti  3.56 3.72 3.38 5.24 5.37 4.55  3.81 3.75 3.93 3.69 3.59 3.68 3.91 
V  1.78 1.912 1.687 2.17 2.45 2.06  4.65 4.77 5.03 5.12 5.33 4.86 4.88 
Cr  0.299 0.297 0.248 0.32 0.369 0.286  0.25 0.241 0.253 0.482 0.42 0.351 0.25 
Mn  1.08 1.127 1.14 1.002 1.038 1  0.295 0.299 0.323 0.286 0.315 0.303 0.296 
Co  0.0623 0.0682 0.0706 0.0779 0.0932 0.0778  0.0382 0.039 0.0404 0.037 0.0413 0.0377 0.038 
Ni  0.0016 0.00172 0.00184 0.00246 0.00312 0.00239  0.01546 0.01643 0.0162 0.0123 0.01317 0.0131 0.0143 
Zn  0.0655 0.0759 0.081 0.0876 0.1133 0.0951  0.0766 0.0747 0.0839 0.0793 0.0931 0.0804 0.0852 
Rb  0.0319 0 0.0108 0 0.0207 0.0106  0 0.0124 0 0 0 0 0.0136 
Sr  0.0868 0.1517 0.0484 0.0567 0.0537 0.0511  25.69 23.33 23.18 27.21 27.94 27.24 26.49 
Y   11.2 11.44 8.91 12.9 12.56 13  1.6 1.564 1.485 1.602 1.567 1.593 1.681 
Zr   9.95 9.44 4.81 5.95 4.99 5  8.98 6.94 7.59 9.62 9.63 10.11 9.18 
Nb   0.269 0.257 0 0.103 0.047 0.072  0.202 0.258 0.169 0.189 0.203 0.172 0.233 
Ba  0.344 0.132 0 0.107 0.146 0.052  0.188 0.195 0.174 0.209 0.163 0.188 0.192 
La  0.179 0.705 0.044 0.076 0.061 0.044  7.34 7.1 7.13 7.28 7.2 7.3 7.38 
Ce  0.287 0.631 0.169 0.206 0.194 0.146  10.88 10.38 10.88 10.94 11.75 11.45 11.03 
Pr  0.632 0.863 0.685 0.466 0.486 0.53  14.35 13.25 14.07 14.97 14.97 15.57 14.92 
Nd  1.27 1.62 1.2 1 0.75 1.03  15.19 12.07 13.83 15.01 15 15.26 13.87 
Sm  2.93 3.31 2.7 2.85 2.31 2.29  7.52 7.09 7.67 8.26 8.34 8.99 9.09 
Eu  4.11 3.53 2.83 3.61 3.5 3.43  6.06 5.35 4.82 6.38 5.8 5.96 5.43 
Gd  5.21 4.82 4.42 5.54 4.62 5.53  4.37 3.99 4.06 4.59 4.97 5.09 4.7 
Tb  6.49 6.03 5.04 6.98 7.24 6.74  2.9 2.8 2.59 3.23 4.58 2.85 3.3 
Dy  9.95 8.85 7.56 10.18 10.06 10.35  2.41 2.34 2.27 2.38 2.21 2.65 2.57 
Ho  11.46 11.43 8.32 12.16 12.8 12.08  1.65 1.61 1.46 1.82 1.41 1.71 1.75 
Er  14.04 14.11 10.7 15.04 15.33 14.09  1.4 1.21 1.19 1.21 1.33 1.51 1.58 
Tm  14.45 14.38 12.06 16.21 15.48 16.22  0.84 1.27 0.88 0.95 0.98 1.02 1.22 
Yb  15.98 17.24 13.35 17.09 15.83 16.94  0.78 0.78 0.66 0.92 0.795 0.74 0.63 
Lu  18.09 18.23 14.64 18.64 16.94 18.03  0.45 0.55 0.79 0.68 0.57 0.8 0.44 
Hf  7.16 7.05 2.45 3.9 3.16 2.8  15.37 9.71 13.23 19.29 20.03 21.2 18.19 
Ta  0.19 0.33 0 0 0 0  0.41 0.45 0.34 0.24 0.317 0.56 0.57 
Pb  0.0198 0.0337 0.0284 0.0163 0.0167 0  0.179 0.157 0.2 0.188 0.215 0.211 0.191 
Th  0.27 0.53 0 0.056 0 0  0.463 0.369 0.51 0.262 0.254 0.356 0.376 







404 Table D.4 (continued) 
 
  
Trace Element Concentrations MDL filtered.                   DJ0288 
  GT            CPX           
Element  003gt11 004gt12 005gt13 006gt21 007gt22 008gt23  009cpx11 010cpx12 011cpx13 012cpx21 013cpx22 014cpx23 
Li  1.273 1.502 1.404 1.393 1.272 1.446  25.97 28.41 24.1 26.46 26.61 26.04 
Si   142945.44 146173.67 155552.23 134876.19 147830.36 154065.41  388897.13 423224.69 397285.63 401449.19 405921.38 392671.72 
Si   143930.5 144976.64 155014.33 133992.83 145749.17 153803.77  384505.25 418945.97 406238.31 398420.59 402168.91 387934.19 
Ca   5 5 5 5 5 5  20 20 20 20 20 20 
Ca   37352.45 37475.01 37509.47 37761.14 37265.33 37078.1  141783.23 142813.42 139331.78 143196.88 142213.84 141038 
Sc   24.69 24.45 23.06 23.86 23.54 24.34  16.89 17.29 16.16 16.07 16.55 16.69 
Ti  1077.91 1104.16 1091.92 1116.09 1163.52 1220.19  3274.89 3338.35 3360.76 3484.8 3449.6 3504.61 
V  38.5 40.33 42.67 38.87 43.72 47.76  293.23 327.91 291.19 291.2 297.21 279.43 
Cr  399.72 429.44 465.7 402.06 447.95 471.22  1052.99 1313.68 1171.33 1167.89 1135.06 1072.42 
Mn  1355.97 1439.15 1558.76 1319.89 1428.27 1521.93  377.19 440.49 400.06 390.79 394.15 373.01 
Co  39.5 41.93 49.17 37.52 43.48 44.21  29.97 36.4 30.96 29.45 31.44 29.78 
Ni  34.69 35.56 39.75 32.41 37.9 37.23  383.73 466.11 424.38 415.51 431.58 402.55 
Zn  41.92 46.16 56.2 38.13 47.6 56.06  53.74 72.79 63.02 58.68 57.13 50.09 
Rb  <0.0184 <0.0169 <0.0116 0.29 0.761 0.103  <0.025 <0.135 <0.029 <0.029 0.053 0.032 
Sr  0.756 0.7 0.77 2.071 2.97 0.843  253.77 253.2 249.86 253.51 250.77 236.88 
Y   11.57 11.61 10.64 10.82 10.47 10.61  1.157 1.088 1.072 1.056 1.156 1.313 
Zr   10.37 10.56 10 11.71 12.42 10.8  17.47 16.93 17.75 17.41 16.86 18.44 
Nb   0.009 <0.0046 0.0073 0.114 0.222 0.0239  0.0254 0.038 0.0112 0.0234 0.0319 0.043 
Ba  0.054 <0.046 0.165 3.89 12.57 0.761  0.236 0.29 0.162 0.09 0.224 0.12 
La  <0.0026 0.0101 0.013 0.232 0.391 0.0258  0.849 0.818 0.795 0.848 0.804 0.86 
Ce  0.114 0.133 0.144 0.546 0.833 0.229  3.47 3.81 3.46 3.47 3.63 3.51 
Pr  0.0561 0.0599 0.0617 0.089 0.149 0.0751  0.665 0.683 0.576 0.698 0.686 0.851 
Nd  0.658 0.739 0.678 0.938 0.944 0.674  3.67 3.74 3.63 3.97 3.66 3.9 
Sm  0.474 0.537 0.529 0.571 0.575 0.685  0.992 0.86 0.759 0.83 0.825 0.7 
Eu  0.284 0.309 0.272 0.297 0.305 0.303  0.229 0.234 0.279 0.224 0.249 0.283 
Gd  1.108 1.305 1.119 1.24 1.204 1.243  0.632 0.66 0.618 0.749 0.794 0.625 
Tb  0.236 0.25 0.25 0.244 0.275 0.263  0.0647 0.088 0.0662 0.072 0.0654 0.081 
Dy  1.968 2.049 1.813 2.03 1.887 1.91  0.35 0.406 0.416 0.306 0.29 0.444 
Ho  0.433 0.407 0.41 0.421 0.398 0.379  0.0504 0.0455 0.0501 0.0521 0.0359 0.0577 
Er  1.269 1.195 1.073 1.127 1.126 1.156  0.094 0.119 0.051 0.104 0.087 0.104 
Tm  0.19 0.161 0.158 0.156 0.149 0.159  0.0097 0.0081 0.0099 0.0085 0.0093 <0.0060 
Yb  1.053 1.056 0.968 0.95 1.067 1.18  0.045 0.043 0.048 0.018 <0.021 0.04 
Lu  0.151 0.151 0.166 0.151 0.163 0.186  0.0082 0.0066 0.0052 0.0069 0.0042 0.0071 
Hf  0.165 0.168 0.178 0.225 0.27 0.246  0.999 0.869 1.007 1.027 0.914 0.975 
Ta  <0.0232 <0.0020 <0.00 0.007 0.0124 0.0104  0.0063 0.0063 <0.0046 0.0063 <0.0054 <0.0088 
Pb  0.064 0.049 0.052 0.137 0.131 0.097  0.758 0.811 0.662 0.663 0.707 0.537 
Th  <0.0027 <0.00252 0.0174 0.0354 0.41 0.0022  0.0013 0.0118 <0.0041 <0.0044 <0.0056 0.0015 







405 Table D.4 (continued) 
 
  
1 sigma error.                       DJ0288 
  GT            CPX           
Element  003gt11 004gt12 005gt13 006gt21 007gt22 008gt23  009cpx11 010cpx12 011cpx13 012cpx21 013cpx22 014cpx23 
Li  0.053 0.059 0.055 0.058 0.053 0.058  0.85 0.94 0.8 0.89 0.89 0.88 
Si   7449.58 7653.81 8189.22 7151.75 7889.74 8278.89  21025.58 23080.3 21860.31 22310.45 22773.89 22273.22 
Si   7575.48 7669.87 8251.83 7192.12 7885.19 8392.39  21152.3 23300.25 22854.33 22701.44 23202.26 22698.98 
Ca   0.16 0.16 0.16 0.16 0.16 0.16  0.64 0.64 0.64 0.64 0.64 0.64 
Ca   1205.54 1209.6 1211.57 1224.88 1210 1204.57  4591.81 4638.88 4536.79 4681.78 4655.4 4637.48 
Sc   0.99 0.99 0.94 1 1 1.06  0.77 0.81 0.78 0.8 0.84 0.89 
Ti  54.11 56.34 56.88 59.69 63.97 69.16  191.67 202.72 212.07 229.03 236.12 250.41 
V  1.28 1.34 1.41 1.3 1.46 1.59  9.69 10.87 9.68 9.73 9.94 9.4 
Cr  13.67 14.71 16 13.91 15.56 16.43  36.79 46.23 41.53 41.8 40.91 39.07 
Mn  46.71 49.71 54.07 46.16 50.25 53.9  13.45 15.86 14.56 14.41 14.68 14.1 
Co  1.71 1.83 2.17 1.69 1.99 2.06  1.45 1.8 1.57 1.55 1.68 1.65 
Ni  1.59 1.64 1.85 1.57 1.85 1.84  18.78 23.39 21.89 22.1 23.58 22.74 
Zn  1.76 1.94 2.35 1.67 2.07 2.43  2.45 3.32 2.94 2.83 2.75 2.51 
Rb  0.0082 0.0068 0.0063 0.023 0.042 0.013  0.013 0.058 0.015 0.017 0.015 0.015 
Sr  0.036 0.033 0.035 0.082 0.11 0.039  8.19 8.21 8.12 8.29 8.21 7.8 
Y   0.39 0.39 0.36 0.37 0.36 0.36  0.06 0.06 0.059 0.063 0.06 0.07 
Zr   0.37 0.37 0.35 0.42 0.44 0.39  0.63 0.63 0.65 0.66 0.62 0.69 
Nb   0.0035 0.0029 0.003 0.013 0.019 0.0057  0.0077 0.01 0.0075 0.0091 0.0097 0.012 
Ba  0.02 0.018 0.032 0.22 0.53 0.077  0.056 0.064 0.058 0.042 0.056 0.047 
La  0.0018 0.003 0.0034 0.017 0.023 0.0049  0.047 0.048 0.047 0.053 0.046 0.052 
Ce  0.01 0.011 0.011 0.028 0.038 0.015  0.13 0.15 0.13 0.14 0.14 0.14 
Pr  0.0061 0.0062 0.0063 0.0086 0.011 0.0072  0.036 0.038 0.033 0.041 0.036 0.045 
Nd  0.053 0.055 0.052 0.07 0.069 0.054  0.2 0.21 0.2 0.23 0.2 0.22 
Sm  0.048 0.05 0.049 0.057 0.057 0.059  0.098 0.096 0.089 0.1 0.088 0.087 
Eu  0.019 0.02 0.018 0.022 0.021 0.021  0.024 0.025 0.027 0.027 0.024 0.029 
Gd  0.077 0.084 0.075 0.09 0.086 0.085  0.079 0.083 0.08 0.097 0.087 0.086 
Tb  0.014 0.014 0.014 0.015 0.016 0.015  0.0091 0.011 0.0099 0.011 0.0089 0.011 
Dy  0.095 0.096 0.088 0.1 0.097 0.095  0.046 0.05 0.05 0.047 0.039 0.054 
Ho  0.021 0.02 0.02 0.022 0.021 0.019  0.0081 0.0081 0.0085 0.0096 0.007 0.0096 
Er  0.062 0.058 0.054 0.061 0.06 0.059  0.019 0.023 0.014 0.023 0.019 0.021 
Tm  0.012 0.011 0.01 0.012 0.011 0.011  0.0037 0.004 0.0041 0.0045 0.0033 0.0031 
Yb  0.063 0.062 0.058 0.064 0.068 0.069  0.021 0.02 0.017 0.013 0.015 0.021 
Lu  0.011 0.01 0.011 0.011 0.012 0.012  0.0041 0.003 0.0035 0.0042 0.0028 0.0032 
Hf  0.018 0.018 0.018 0.023 0.025 0.023  0.068 0.067 0.072 0.079 0.065 0.074 
Ta  0.0076 0.0011 <0.00 0.0026 0.0037 0.0031  0.0037 0.0032 0.003 0.0046 0.0035 0.0043 
Pb  0.015 0.012 0.012 0.017 0.016 0.016  0.053 0.057 0.051 0.055 0.051 0.048 
Th  0.0014 0.00097 0.0032 0.0053 0.022 0.0016  0.0013 0.0044 0.003 0.0013 0.0017 0.0015 







406 Table D.4 (continued) 
 
  
Trace element concentrations normalised to chondrite.                 DJ0288 
  GT            CPX           
Element  003gt11 004gt12 005gt13 006gt21 007gt22 008gt23  009cpx11 010cpx12 011cpx13 012cpx21 013cpx22 014cpx23 
Li  0.53 0.626 0.585 0.58 0.53 0.602  10.82 11.84 10.04 11.03 11.09 10.85 
Si   0.893 0.914 0.972 0.843 0.924 0.963  2.43 2.65 2.48 2.51 2.54 2.45 
Si   0.9 0.906 0.969 0.837 0.911 0.961  2.4 2.62 2.54 2.49 2.51 2.42 
Ca   2.647 2.647 2.647 2.647 2.647 2.647  10.59 10.59 10.59 10.59 10.59 10.59 
Ca   2.767 2.776 2.778 2.797 2.76 2.747  10.5 10.58 10.32 10.61 10.53 10.45 
Sc   2.86 2.83 2.67 2.76 2.72 2.82  1.954 2.001 1.87 1.861 1.916 1.93 
Ti  1.648 1.688 1.67 1.707 1.779 1.87  5.01 5.1 5.14 5.33 5.27 5.36 
V  0.453 0.474 0.502 0.457 0.514 0.562  3.45 3.86 3.43 3.43 3.5 3.29 
Cr  0.1006 0.108 0.1172 0.1011 0.1127 0.1185  0.2649 0.33 0.295 0.294 0.286 0.2698 
Mn  0.461 0.49 0.53 0.449 0.486 0.518  0.1283 0.1498 0.1361 0.1329 0.1341 0.1269 
Co  0.0517 0.0549 0.0644 0.0491 0.0569 0.0579  0.0392 0.0476 0.0405 0.0385 0.0412 0.039 
Ni  0.0021 0.00216 0.00241 0.00196 0.0023 0.00226  0.0233 0.0282 0.0257 0.0252 0.0262 0.0244 
Zn  0.0907 0.0999 0.1216 0.0825 0.103 0.1213  0.1163 0.1576 0.1364 0.127 0.1236 0.1084 
Rb  0 0 0 0.0842 0.221 0.0299  0 0 0 0 0.0154 0.0091 
Sr  0.0635 0.0588 0.0647 0.1741 0.2498 0.0709  21.33 21.28 21 21.3 21.07 19.91 
Y   5.14 5.16 4.73 4.81 4.65 4.71  0.514 0.484 0.477 0.469 0.514 0.584 
Zr   1.872 1.906 1.805 2.113 2.242 1.949  3.15 3.06 3.2 3.14 3.04 3.33 
Nb   0.024 0 0.0195 0.304 0.592 0.064  0.068 0.1 0.03 0.063 0.085 0.113 
Ba  0.0159 0 0.0485 1.142 3.69 0.223  0.069 0.085 0.048 0.026 0.066 0.035 
La  0 0.0276 0.0355 0.632 1.064 0.07  2.31 2.23 2.17 2.31 2.19 2.34 
Ce  0.119 0.138 0.151 0.571 0.87 0.239  3.63 3.98 3.61 3.62 3.79 3.66 
Pr  0.41 0.437 0.45 0.65 1.086 0.548  4.85 4.98 4.21 5.09 5.01 6.21 
Nd  0.925 1.04 0.953 1.319 1.328 0.948  5.17 5.27 5.11 5.58 5.15 5.49 
Sm  2.05 2.32 2.29 2.47 2.49 2.96  4.29 3.72 3.29 3.59 3.57 3.03 
Eu  3.27 3.56 3.13 3.42 3.5 3.49  2.63 2.69 3.21 2.58 2.86 3.25 
Gd  3.62 4.27 3.66 4.05 3.93 4.06  2.07 2.16 2.02 2.45 2.6 2.04 
Tb  4.07 4.32 4.31 4.22 4.74 4.54  1.12 1.52 1.14 1.24 1.13 1.39 
Dy  5.16 5.38 4.76 5.32 4.95 5.01  0.92 1.07 1.09 0.8 0.76 1.17 
Ho  5.08 4.79 4.82 4.94 4.68 4.45  0.592 0.535 0.588 0.61 0.422 0.68 
Er  5.09 4.8 4.31 4.52 4.52 4.64  0.379 0.478 0.206 0.419 0.349 0.418 
Tm  5.33 4.54 4.43 4.38 4.18 4.47  0.27 0.23 0.28 0.24 0.26 0 
Yb  4.24 4.26 3.91 3.83 4.3 4.76  0.18 0.175 0.192 0.072 0 0.163 
Lu  3.97 3.97 4.36 3.96 4.27 4.88  0.22 0.174 0.136 0.18 0.109 0.186 
Hf  0.92 0.94 1 1.26 1.51 1.37  5.58 4.85 5.63 5.74 5.11 5.45 
Ta  0 0 0 0.268 0.48 0.4  0.24 0.24 0 0.24 0 0 
Pb  0.0174 0.0133 0.0143 0.0377 0.0359 0.0264  0.208 0.222 0.181 0.182 0.194 0.147 
Th  0 0 0.409 0.83 9.65 0.053  0.029 0.28 0 0 0 0.036 







407 Table D.4 (continued) 
 
  
Trace Element Concentrations MDL filtered.                   R8A 
  GT            CPX           
Element  080grt11 081grt12 082grt13 083grt21 084grt22 085grt23  074cpx11 075cpx12 076cpx13 077cpx21 078cpx22 079cpx23 
Li  0.116 0.132 0.577 0.161 0.082 0.101  0.447 0.453 0.45 0.477 0.452 0.448 
Si   205951.2 226283.63 220754.53 205599.94 215414.19 213765.7  240518.45 249523.78 254412.81 241549.28 247907.8 246350.25 
Si   209117.3 224733.92 219512.78 209465.03 216969.23 216391.16  243108.02 254609.63 249797.48 244887.13 247719.75 247941.19 
Ca   3.67 3.67 3.67 3.67 3.67 3.67  19.25 19.25 19.25 19.25 19.25 19.25 
Ca   28101.61 28046.65 27736.9 27949.88 28019.18 27767.93  137527.77 136344.16 137421.53 136842.23 137358.31 137288.08 
Sc   71.85 68.19 67.64 68.72 68.17 67.04  24.41 23.49 23.31 23.98 23.33 23.58 
Ti  1115.65 1135.38 1086.14 1057.06 1092.28 1128.36  1244.33 1239.11 1258.65 1265.86 1298.35 1324.43 
V  135.38 152.58 140.12 120.01 129.28 132.31  420.34 450.85 445.19 409.81 419.26 416.15 
Cr  1955.31 2279.81 2228.16 1805.17 1945.79 1944.86  1730.7 1769.92 1772.59 1718.01 1717.05 1699.16 
Mn  2307.65 2629.5 2531.9 2271.24 2373.99 2390.09  457.72 485.55 463.12 452.71 457.7 452.05 
Co  39.12 46.95 45.44 38.25 41.95 42.5  16.3 18.88 17.72 16.39 17.22 16.44 
Ni  26.22 30.56 30.77 28.34 27.95 28.46  265.56 292.57 287.79 266.27 271.27 270.17 
Zn  8.27 10.62 12.34 8.97 10.51 9.38  9.94 8.55 8.51 7.97 8.12 8.6 
Rb  <0.035 <0.026 <0.026 <0.036 <0.029 <0.033  <0.0161 0.0318 0.035 <0.0213 <0.0189 <0.022 
Sr  0.156 0.106 0.107 0.136 <0.27 0.116  255.88 253.45 254.87 255.37 254.21 254.82 
Y   21.17 20.14 20.07 20.59 20.85 20.27  3.98 3.78 3.68 3.78 3.75 3.84 
Zr   59.83 57.01 54.96 57.13 56.52 56.3  85.22 81.68 81.92 84.75 83.03 84.48 
Nb   0.136 0.154 0.093 0.124 0.114 0.096  0.702 0.615 0.687 0.674 0.686 0.691 
Ba  <0.033 <0.00 <0.042 0.044 <0.046 <0.032  0.065 0.073 0.104 0.178 0.136 0.071 
La  <0.0046 0.0085 0.0067 0.0087 0.0108 0.0126  7.45 7.15 7.28 7.33 7.18 7.13 
Ce  0.098 0.123 0.114 0.099 <0.071 0.119  22.93 24.14 23.94 22.4 22.54 22.74 
Pr  0.0593 0.0468 0.0454 0.0431 0.0673 0.0497  4.1 4.06 4.1 4.02 3.96 4.07 
Nd  0.748 0.61 0.756 0.608 0.704 0.675  22.76 22.23 22.2 22.9 21.71 21.89 
Sm  1.15 0.839 1.023 1.13 0.968 1.07  5.93 5.96 5.68 5.5 5.49 5.66 
Eu  0.615 0.503 0.547 0.575 0.621 0.508  1.662 1.549 1.574 1.632 1.552 1.646 
Gd  2.5 2.23 2.41 2.49 2.43 2.65  4.22 3.65 3.84 3.71 3.93 4.14 
Tb  0.497 0.468 0.504 0.515 0.524 0.504  0.404 0.373 0.353 0.356 0.329 0.414 
Dy  3.69 3.87 3.67 3.44 3.58 3.64  1.441 1.44 1.431 1.404 1.376 1.503 
Ho  0.816 0.743 0.767 0.783 0.826 0.797  0.174 0.15 0.15 0.17 0.152 0.147 
Er  2.47 2.14 2.03 2.35 2.13 2.13  0.301 0.259 0.255 0.28 0.296 0.26 
Tm  0.354 0.314 0.325 0.351 0.345 0.314  0.0263 0.0256 0.0221 0.0225 0.0347 0.0295 
Yb  2.51 2.3 2.3 2.39 1.98 2.2  0.137 0.153 0.113 0.089 0.113 0.072 
Lu  0.359 0.346 0.386 0.372 0.348 0.361  0.0197 0.0521 0.0086 0.009 0.0091 0.0212 
Hf  0.783 0.621 0.564 0.651 0.615 0.631  2.74 2.8 2.84 2.86 2.86 2.92 
Ta  0.0076 0.008 <0.0060 <0.0068 0.033 0.0061  0.0804 0.0835 0.0908 0.0785 0.0941 0.082 
Pb  0.619 0.086 0.167 0.062 0.117 0.123  0.294 0.342 0.366 <0.060 0.252 0.234 
Th  <0.0048 <0.0054 <0.0043 <0.0069 0.0043 <0.0057  0.212 0.206 0.214 0.197 0.199 0.191 







408 Table D.4 (continued) 
 
  
1 sigma error.                       R8A 
  GT            CPX           
Element  080grt11 081grt12 082grt13 083grt21 084grt22 085grt23  074cpx11 075cpx12 076cpx13 077cpx21 078cpx22 079cpx23 
Li  0.027 0.025 0.049 0.028 0.025 0.025  0.032 0.032 0.032 0.037 0.034 0.035 
Si   12024.21 13288.47 13028.81 12244.75 12913.49 12916.58  13632.21 14167.57 14481.12 13797.03 14213.03 14190.82 
Si   11887.63 12840.55 12593.81 12118.08 12621.96 12675.89  13444.45 14102.34 13865.99 13635.99 13838.01 13908.36 
Ca   0.12 0.12 0.12 0.12 0.12 0.12  0.61 0.61 0.61 0.61 0.61 0.61 
Ca   974.71 977.43 967.52 986.58 992.02 989.06  4565.85 4533.64 4579.21 4576.42 4606.18 4623.69 
Sc   2.46 2.34 2.31 2.37 2.35 2.31  0.82 0.79 0.78 0.81 0.79 0.8 
Ti  190.97 202.42 201.97 205.37 221.8 239.65  177.12 180.06 187.58 194.31 205.96 217.84 
V  4.74 5.36 4.92 4.27 4.61 4.74  14.08 15.11 14.95 13.81 14.16 14.1 
Cr  77.76 91.6 90.27 74.36 81.02 82.07  64.99 66.66 67.06 65.43 65.84 65.73 
Mn  76.19 86.84 83.26 75.22 78.39 78.9  14.7 15.6 14.88 14.57 14.72 14.55 
Co  1.55 1.87 1.81 1.56 1.71 1.75  0.62 0.72 0.68 0.64 0.67 0.65 
Ni  1.36 1.57 1.56 1.51 1.49 1.52  11.32 12.51 12.37 11.57 11.85 11.94 
Zn  0.6 0.72 0.79 0.65 0.73 0.67  0.57 0.51 0.51 0.51 0.5 0.54 
Rb  0.015 0.014 0.013 0.017 0.014 0.014  0.0074 0.0084 0.0089 0.0095 0.0085 0.011 
Sr  0.019 0.016 0.015 0.018 0.17 0.016  8.24 8.17 8.23 8.27 8.25 8.3 
Y   0.74 0.71 0.7 0.73 0.73 0.71  0.14 0.14 0.13 0.14 0.14 0.14 
Zr   2.07 1.98 1.9 2 1.97 1.97  2.79 2.68 2.69 2.8 2.74 2.8 
Nb   0.02 0.022 0.015 0.019 0.018 0.016  0.038 0.035 0.038 0.041 0.039 0.041 
Ba  0.017 <0.00 0.024 0.025 0.014 0.024  0.025 0.025 0.027 0.043 0.032 0.027 
La  0.0036 0.0045 0.0038 0.0048 0.0044 0.0051  0.25 0.24 0.24 0.25 0.24 0.24 
Ce  0.013 0.015 0.014 0.014 0.027 0.014  0.73 0.77 0.77 0.72 0.73 0.74 
Pr  0.0093 0.0084 0.0076 0.0084 0.0096 0.0084  0.14 0.14 0.14 0.14 0.13 0.14 
Nd  0.085 0.074 0.077 0.075 0.078 0.075  0.77 0.76 0.76 0.8 0.75 0.77 
Sm  0.11 0.093 0.097 0.11 0.1 0.1  0.26 0.26 0.25 0.26 0.25 0.26 
Eu  0.043 0.039 0.038 0.043 0.043 0.038  0.069 0.065 0.066 0.073 0.067 0.072 
Gd  0.18 0.17 0.16 0.18 0.17 0.18  0.2 0.18 0.19 0.2 0.19 0.21 
Tb  0.031 0.03 0.029 0.032 0.031 0.03  0.021 0.02 0.019 0.021 0.019 0.023 
Dy  0.19 0.2 0.18 0.19 0.19 0.19  0.079 0.079 0.079 0.086 0.08 0.088 
Ho  0.044 0.041 0.04 0.044 0.044 0.043  0.012 0.011 0.012 0.014 0.012 0.012 
Er  0.13 0.12 0.11 0.13 0.12 0.12  0.027 0.025 0.025 0.029 0.028 0.028 
Tm  0.025 0.023 0.022 0.025 0.024 0.022  0.0045 0.0045 0.0039 0.0047 0.0053 0.0052 
Yb  0.15 0.15 0.14 0.15 0.13 0.14  0.021 0.023 0.02 0.019 0.021 0.017 
Lu  0.025 0.025 0.025 0.027 0.025 0.025  0.0037 0.0062 0.0024 0.0036 0.003 0.0045 
Hf  0.064 0.057 0.05 0.06 0.055 0.056  0.12 0.13 0.13 0.14 0.13 0.14 
Ta  0.0047 0.0036 0.0026 0.0036 0.0079 0.0035  0.0084 0.0087 0.0091 0.0095 0.0098 0.0095 
Pb  0.057 0.022 0.026 0.017 0.023 0.024  0.028 0.03 0.031 0.028 0.026 0.026 
Th  0.0025 0.0022 0.0029 0.0045 0.0028 0.0033  0.014 0.014 0.014 0.015 0.014 0.015 







409 Table D.4 (continued) 
 
  
Trace element concentrations normalised to chondrite.                 R8A 
  GT            CPX           
Element  080grt11 081grt12 082grt13 083grt21 084grt22 085grt23  074cpx11 075cpx12 076cpx13 077cpx21 078cpx22 079cpx23 
Li  0.048 0.055 0.24 0.067 0.034 0.042  0.186 0.189 0.188 0.199 0.188 0.187 
Si   1.287 1.414 1.38 1.285 1.346 1.336  1.503 1.56 1.59 1.51 1.549 1.54 
Si   1.307 1.405 1.372 1.309 1.356 1.352  1.519 1.591 1.561 1.531 1.548 1.55 
Ca   1.942 1.942 1.942 1.942 1.942 1.942  10.19 10.19 10.19 10.19 10.19 10.19 
Ca   2.082 2.078 2.055 2.07 2.075 2.057  10.19 10.1 10.18 10.14 10.17 10.17 
Sc   8.32 7.89 7.83 7.95 7.89 7.76  2.825 2.718 2.698 2.776 2.7 2.729 
Ti  1.71 1.74 1.66 1.62 1.67 1.73  1.9 1.89 1.92 1.94 1.99 2.03 
V  1.593 1.795 1.649 1.412 1.521 1.557  4.95 5.3 5.24 4.82 4.93 4.9 
Cr  0.492 0.574 0.561 0.454 0.49 0.489  0.435 0.445 0.446 0.432 0.432 0.427 
Mn  0.785 0.894 0.861 0.773 0.807 0.813  0.1557 0.1652 0.1575 0.154 0.1557 0.1538 
Co  0.0512 0.0614 0.0595 0.0501 0.0549 0.0556  0.02133 0.02471 0.0232 0.02145 0.02254 0.02152 
Ni  0.00159 0.00185 0.00186 0.00172 0.00169 0.00172  0.01609 0.01773 0.01744 0.01614 0.01644 0.01637 
Zn  0.0179 0.023 0.0267 0.0194 0.0227 0.0203  0.0215 0.0185 0.0184 0.0172 0.0176 0.0186 
Rb  0 0 0 0 0 0  0 0.0092 0.0101 0 0 0 
Sr  0.0131 0.0089 0.009 0.0115 0 0.0098  21.5 21.3 21.42 21.46 21.36 21.41 
Y   9.41 8.95 8.92 9.15 9.27 9.01  1.77 1.678 1.634 1.679 1.666 1.706 
Zr   10.8 10.29 9.92 10.31 10.2 10.16  15.38 14.74 14.79 15.3 14.99 15.25 
Nb   0.364 0.411 0.247 0.332 0.304 0.257  1.87 1.64 1.83 1.8 1.83 1.84 
Ba  0 0 0 0.0129 0 0  0.0191 0.0215 0.0304 0.052 0.04 0.0208 
La  0 0.023 0.018 0.024 0.029 0.034  20.3 19.48 19.85 19.97 19.56 19.43 
Ce  0.102 0.128 0.119 0.103 0 0.125  23.96 25.23 25.01 23.41 23.55 23.76 
Pr  0.433 0.342 0.331 0.315 0.491 0.363  29.92 29.65 29.96 29.36 28.92 29.73 
Nd  1.05 0.86 1.06 0.86 0.99 0.95  32.01 31.26 31.23 32.21 30.54 30.78 
Sm  5 3.63 4.43 4.88 4.19 4.62  25.69 25.81 24.57 23.82 23.77 24.49 
Eu  7.07 5.79 6.29 6.6 7.14 5.84  19.1 17.8 18.1 18.76 17.84 18.92 
Gd  8.18 7.3 7.88 8.15 7.95 8.65  13.8 11.92 12.56 12.11 12.86 13.54 
Tb  8.57 8.08 8.69 8.88 9.04 8.7  6.96 6.43 6.08 6.14 5.68 7.14 
Dy  9.68 10.15 9.64 9.02 9.38 9.55  3.78 3.78 3.76 3.69 3.61 3.95 
Ho  9.59 8.73 9.01 9.2 9.7 9.37  2.04 1.76 1.77 1.99 1.79 1.72 
Er  9.92 8.61 8.15 9.42 8.54 8.54  1.21 1.042 1.022 1.13 1.19 1.04 
Tm  9.95 8.81 9.13 9.86 9.68 8.81  0.74 0.72 0.62 0.63 0.98 0.83 
Yb  10.12 9.26 9.26 9.64 7.98 8.88  0.552 0.615 0.454 0.358 0.455 0.292 
Lu  9.41 9.07 10.14 9.76 9.13 9.49  0.517 1.37 0.226 0.237 0.238 0.56 
Hf  4.37 3.47 3.15 3.64 3.44 3.52  15.28 15.67 15.89 15.96 15.95 16.3 
Ta  0.29 0.31 0 0 1.27 0.24  3.09 3.21 3.49 3.02 3.62 3.16 
Pb  0.17 0.0237 0.0458 0.0171 0.032 0.0337  0.0805 0.0937 0.1003 0 0.0692 0.0642 
Th  0 0 0 0 0.1 0  4.99 4.85 5.03 4.65 4.68 4.5 







410 Table D.4 (continued) 
 
  
Trace Element Concentrations MDL filtered.                   R30 
  GT            CPX           
Element  055grt11 056grt12 057grt13 061grt21 062grt22 063grt23  058cpx11 059cpx12 060cpx13 064cpx21 065cpx22 066cpx23 
Li  0.718 0.74 0.97 0.772 0.846 0.947  12.47 14.3 14.76 11.11 12.87 11.74 
Si   211595.98 212170.78 227024.09 199799.19 219469.92 216142.55  294762.34 326512.28 327211.13 277278.09 322169.34 323944.88 
Si   213693.16 210483.52 237683.38 201626 216065.58 215435.44  294117.22 316716.41 318956.16 271579.97 321879.16 313886.19 
Ca   6.02 6.02 6.02 6.02 6.02 6.02  18.92 18.92 18.92 18.92 18.92 18.92 
Ca   45712.22 45228.36 45955.15 44978.53 45211.9 44886.91  133068.91 132889.34 131086.59 134153.09 136621.28 131573.28 
Sc   20.63 20.3 19.26 19.01 18.3 18.27  8.77 9.03 8.98 8.32 8.4 8.41 
Ti  933.01 880.2 879.41 891.99 916.12 955.61  1492.34 1573.09 1561.01 1693.11 1679.73 1552.02 
V  51.32 49.91 57.5 46.93 52.23 54.96  156.58 168.55 163.97 154.04 182.68 180.83 
Cr  156.55 155.05 192.62 146.14 174.74 182.93  174.33 203.89 203 163.76 203.31 203.73 
Mn  1497.28 1532.6 1829.45 1457.71 1644.28 1646.23  235.62 282.98 289.74 222.52 267.15 270.46 
Co  104.46 106.42 133.74 100.92 115.7 117.6  48.02 55.9 57.7 46.96 60.26 58.03 
Ni  71.63 74.22 90.78 68.09 78.83 78.83  995.93 1144.23 1121.93 949.82 1178.3 1180.16 
Zn  62.16 64.56 93.48 67.69 79.02 78.37  53.78 65.32 67.6 53.94 71.92 70.88 
Rb  <0.029 <0.024 <0.029 <0.030 <0.0241 <0.021  0.064 0.081 0.064 0.107 0.329 0.334 
Sr  0.254 0.303 0.3 0.295 0.264 0.32  238.05 231.29 228.46 264.33 270.95 267.8 
Y   7.16 6.77 6.78 6.91 6.5 6.63  0.564 0.563 0.626 0.55 0.53 0.486 
Zr   3.39 3.44 3.29 3.36 3 2.85  6.03 5.34 5.32 6.42 6.42 6.18 
Nb   <0.0112 <0.0117 0.0025 <0.0108 <0.0088 0.0072  <0.0243 <0.0095 <0.0079 <0.0070 0.0305 0.0226 
Ba  0.059 0.052 <0.030 <0.00 <0.063 <0.027  1.78 1.7 1.76 1.41 5 4.08 
La  <0.0081 0.0029 <0.0043 <0.0077 0.0045 <0.0054  0.838 0.841 0.8 0.85 0.851 0.828 
Ce  0.0431 0.0439 0.056 0.0411 0.048 0.0505  2.72 2.42 2.58 2.65 2.97 2.82 
Pr  0.0259 0.0161 0.0271 0.0224 0.0208 0.0283  0.474 0.41 0.433 0.415 0.449 0.498 
Nd  0.243 0.286 0.247 0.334 0.3 0.377  2.43 2.27 2.09 2.45 2.45 2.63 
Sm  0.342 0.431 0.329 0.366 0.285 0.428  0.571 0.491 0.405 0.631 0.503 0.462 
Eu  0.4 0.298 0.369 0.337 0.342 0.409  0.301 0.269 0.253 0.32 0.269 0.316 
Gd  0.819 0.707 0.753 0.775 0.633 0.8  0.382 0.36 0.313 0.317 0.29 0.217 
Tb  0.149 0.144 0.164 0.156 0.13 0.142  0.0296 0.0187 0.0282 0.0284 0.0396 0.0355 
Dy  1.349 1.173 1 1.164 1.082 1.145  0.224 0.233 0.166 0.237 0.158 0.113 
Ho  0.266 0.279 0.23 0.246 0.286 0.242  0.0179 0.0257 0.0244 0.0228 0.0195 0.0241 
Er  0.844 0.821 0.761 0.772 0.695 0.765  0.0157 0.027 0.043 0.045 0.061 0.037 
Tm  0.12 0.116 0.118 0.12 0.108 0.106  <0.0028 0.01 0.005 <0.0042 0.0063 0.0049 
Yb  0.788 0.848 0.817 0.928 0.843 0.82  <0.026 0.0135 <0.026 <0.027 0.0141 0.027 
Lu  0.137 0.157 0.154 0.122 0.147 0.124  <0.0049 <0.0047 0.0064 0.0087 <0.0026 <0.00266 
Hf  0.104 0.075 0.051 0.082 0.077 0.067  0.321 0.32 0.3 0.386 0.315 0.371 
Ta  <0.0039 <0.0050 0.0015 0.0013 <0.0091 <0.0045  <0.0059 <0.0073 <0.0033 <0.0059 <0.0032 0.0024 
Pb  0.292 0.344 0.132 0.156 0.089 0.134  0.246 0.133 0.185 0.261 0.449 0.554 
Th  <0.0076 <0.0053 <0.0044 <0.0032 <0.0056 <0.0039  <0.0030 <0.0041 <0.0059 <0.0044 0.0064 0.0041 







411 Table D.4 (continued) 
 
  
1 sigma error.                       R30 
  GT            CPX           
Element  055grt11 056grt12 057grt13 061grt21 062grt22 063grt23  058cpx11 059cpx12 060cpx13 064cpx21 065cpx22 066cpx23 
Li  0.053 0.05 0.064 0.056 0.059 0.066  0.64 0.75 0.78 0.65 0.77 0.72 
Si   11358.92 11396.33 12235.53 10891.87 12008.24 11878.03  15860.78 17627.65 17714.74 15260.32 17802.39 17991.43 
Si   11169.16 10999.24 12454.11 10641.33 11430.28 11431.19  15368.54 16588.66 16733.39 14406.96 17114.61 16746.09 
Ca   0.2 0.2 0.2 0.2 0.2 0.2  0.6 0.61 0.6 0.61 0.6 0.6 
Ca   1469.6 1448.25 1476.63 1443.17 1450.45 1441.67  4222.66 4223.11 4161.26 4270.65 4341.09 4183.18 
Sc   0.71 0.69 0.67 0.65 0.63 0.63  0.32 0.34 0.33 0.32 0.3 0.3 
Ti  46.14 43.73 44.26 47.74 50.03 53.36  75.44 80.82 81.48 96.4 97.83 92.77 
V  1.86 1.81 2.1 1.75 1.96 2.08  5.63 6.1 5.96 5.81 6.94 6.95 
Cr  7.07 7.02 8.8 7.04 8.55 9.12  8.01 9.49 9.57 8.31 10.51 10.76 
Mn  49.18 50.17 60.1 47.95 54.13 54.3  7.69 9.25 9.46 7.33 8.77 8.9 
Co  3.85 3.91 4.94 3.79 4.36 4.46  1.79 2.1 2.16 1.82 2.32 2.25 
Ni  3.84 3.96 4.89 3.9 4.57 4.67  52.52 61.24 60.97 56.05 71.05 72.92 
Zn  3.06 3.14 4.54 3.43 4.01 4.04  2.69 3.3 3.39 2.91 3.79 3.8 
Rb  0.014 0.011 0.013 0.013 0.0094 0.01  0.016 0.019 0.017 0.022 0.031 0.031 
Sr  0.025 0.025 0.026 0.025 0.023 0.026  7.73 7.54 7.45 8.74 8.96 8.89 
Y   0.26 0.24 0.25 0.25 0.23 0.24  0.038 0.041 0.04 0.04 0.034 0.032 
Zr   0.17 0.16 0.16 0.16 0.15 0.14  0.26 0.25 0.24 0.29 0.28 0.27 
Nb   0.0056 0.0046 0.0025 0.0045 0.0034 0.0047  0.0079 0.0041 0.0041 0.0037 0.0089 0.0076 
Ba  0.035 0.023 0.016 <0.00 0.022 0.021  0.16 0.17 0.16 0.15 0.28 0.25 
La  0.0041 0.0021 0.0013 0.0032 0.0026 0.0032  0.047 0.05 0.045 0.051 0.044 0.044 
Ce  0.0087 0.0078 0.01 0.0078 0.0082 0.0086  0.11 0.1 0.11 0.11 0.12 0.11 
Pr  0.0062 0.0048 0.006 0.0054 0.0054 0.0057  0.029 0.028 0.027 0.028 0.026 0.028 
Nd  0.047 0.044 0.046 0.049 0.045 0.052  0.15 0.16 0.14 0.17 0.14 0.15 
Sm  0.061 0.058 0.055 0.055 0.049 0.059  0.072 0.073 0.061 0.086 0.061 0.06 
Eu  0.034 0.026 0.031 0.028 0.028 0.032  0.027 0.028 0.025 0.031 0.024 0.026 
Gd  0.096 0.079 0.088 0.084 0.074 0.088  0.062 0.063 0.053 0.063 0.048 0.042 
Tb  0.015 0.013 0.016 0.014 0.013 0.014  0.0065 0.0056 0.006 0.0066 0.0064 0.0061 
Dy  0.098 0.081 0.08 0.083 0.079 0.083  0.035 0.04 0.031 0.041 0.028 0.022 
Ho  0.021 0.02 0.019 0.018 0.02 0.019  0.005 0.0066 0.0062 0.0065 0.0048 0.0051 
Er  0.066 0.06 0.062 0.059 0.055 0.06  0.0087 0.011 0.012 0.015 0.015 0.011 
Tm  0.013 0.012 0.013 0.012 0.011 0.012  0.0023 0.0043 0.0027 0.0024 0.0032 0.0022 
Yb  0.074 0.069 0.073 0.074 0.069 0.07  0.014 0.0095 0.015 0.019 0.0097 0.011 
Lu  0.014 0.014 0.015 0.012 0.013 0.012  0.0023 0.0029 0.0033 0.004 0.0016 0.00082 
Hf  0.021 0.016 0.015 0.017 0.016 0.015  0.037 0.04 0.035 0.044 0.033 0.037 
Ta  0.0012 0.0015 0.0015 0.0013 0.0031 0.0023  0.0023 0.0034 0.001 0.0025 0.0015 0.0017 
Pb  0.033 0.032 0.023 0.023 0.02 0.022  0.029 0.025 0.026 0.033 0.036 0.04 
Th  0.0027 0.0022 0.0014 0.0022 0.0028 0.0017  0.0016 0.0025 0.0025 0.003 0.0031 0.0021 







412 Table D.4 (continued) 
 
  
Trace element concentrations normalised to chondrite.                 R30 
  GT            CPX           
Element  055grt11 056grt12 057grt13 061grt21 062grt22 063grt23  058cpx11 059cpx12 060cpx13 064cpx21 065cpx22 066cpx23 
Li  0.299 0.308 0.404 0.322 0.353 0.395  5.19 5.96 6.15 4.63 5.36 4.89 
Si   1.322 1.326 1.419 1.249 1.372 1.351  1.842 2.04 2.05 1.733 2.01 2.02 
Si   1.336 1.316 1.486 1.26 1.35 1.346  1.838 1.98 1.99 1.697 2.01 1.96 
Ca   3.19 3.19 3.19 3.19 3.19 3.19  10.02 10.02 10.02 10.02 10.02 10.02 
Ca   3.39 3.35 3.4 3.33 3.35 3.32  9.86 9.84 9.71 9.94 10.12 9.75 
Sc   2.387 2.349 2.23 2.201 2.118 2.115  1.015 1.045 1.039 0.963 0.972 0.974 
Ti  1.427 1.346 1.345 1.364 1.401 1.461  2.28 2.41 2.39 2.59 2.57 2.37 
V  0.604 0.587 0.677 0.552 0.614 0.647  1.842 1.983 1.929 1.812 2.149 2.127 
Cr  0.0394 0.039 0.0485 0.0368 0.044 0.046  0.0439 0.0513 0.0511 0.0412 0.0511 0.0513 
Mn  0.509 0.521 0.622 0.496 0.559 0.56  0.0801 0.0963 0.0986 0.0757 0.0909 0.092 
Co  0.1367 0.1393 0.1751 0.1321 0.1514 0.1539  0.0629 0.0732 0.0755 0.0615 0.0789 0.076 
Ni  0.00434 0.0045 0.0055 0.00413 0.00478 0.00478  0.0604 0.0693 0.068 0.0576 0.0714 0.0715 
Zn  0.1346 0.1397 0.2023 0.1465 0.171 0.1696  0.1164 0.1414 0.1463 0.1167 0.1557 0.1534 
Rb  0 0 0 0 0 0  0.0187 0.0234 0.0187 0.0312 0.0953 0.0969 
Sr  0.0214 0.0254 0.0252 0.0248 0.0222 0.0269  20 19.44 19.2 22.21 22.77 22.5 
Y   3.18 3.01 3.01 3.07 2.89 2.95  0.251 0.25 0.278 0.244 0.236 0.216 
Zr   0.613 0.62 0.594 0.606 0.541 0.515  1.088 0.965 0.96 1.159 1.159 1.116 
Nb   0 0 0.0066 0 0 0.019  0 0 0 0 0.081 0.06 
Ba  0.017 0.0152 0 0 0 0  0.522 0.499 0.516 0.415 1.467 1.198 
La  0 0.008 0 0 0.0123 0  2.28 2.29 2.18 2.32 2.32 2.26 
Ce  0.045 0.0458 0.059 0.043 0.0502 0.0527  2.84 2.53 2.7 2.77 3.11 2.95 
Pr  0.189 0.118 0.198 0.163 0.152 0.207  3.46 2.99 3.16 3.03 3.28 3.64 
Nd  0.342 0.402 0.348 0.47 0.422 0.53  3.42 3.19 2.94 3.45 3.44 3.69 
Sm  1.48 1.87 1.42 1.59 1.23 1.85  2.47 2.12 1.75 2.73 2.18 2 
Eu  4.6 3.42 4.25 3.87 3.93 4.7  3.46 3.1 2.91 3.68 3.09 3.64 
Gd  2.68 2.31 2.46 2.53 2.07 2.61  1.25 1.18 1.02 1.04 0.95 0.71 
Tb  2.57 2.48 2.83 2.69 2.25 2.45  0.51 0.322 0.49 0.49 0.68 0.61 
Dy  3.54 3.08 2.63 3.06 2.84 3  0.589 0.61 0.437 0.62 0.414 0.295 
Ho  3.12 3.28 2.7 2.89 3.36 2.84  0.21 0.302 0.287 0.268 0.229 0.284 
Er  3.39 3.3 3.06 3.1 2.79 3.07  0.063 0.108 0.172 0.179 0.243 0.15 
Tm  3.37 3.25 3.32 3.38 3.03 2.98  0 0.28 0.14 0 0.177 0.139 
Yb  3.18 3.42 3.29 3.74 3.4 3.31  0 0.054 0 0 0.057 0.11 
Lu  3.59 4.13 4.03 3.2 3.85 3.25  0 0 0.168 0.23 0 0 
Hf  0.58 0.42 0.283 0.459 0.43 0.376  1.79 1.79 1.68 2.16 1.76 2.07 
Ta  0 0 0.057 0.049 0 0  0 0 0 0 0 0.092 
Pb  0.0801 0.0943 0.0362 0.0429 0.0244 0.0368  0.0673 0.0364 0.0507 0.0715 0.123 0.152 
Th  0 0 0 0 0 0  0 0 0 0 0.151 0.097 







413 Table D.4 (continued) 
 
  
Trace Element Concentrations MDL filtered.                   B21 
  GT            CPX           
Element  003Bgt11 004Bgt12 005bgt13 006Bgt21 007Bgt22 008Bgt23  015Bcp11 016Bcp12 017Bcp13 018Bcp21 019Bcp22 020Bcp23 
Li  0.187 0.243 0.248 0.286 0.26 0.194  1.529 1.619 1.556 1.657 1.8 1.553 
Si   188539.25 198759.64 181333.02 218096.42 242269.02 215879.06  246762.41 277591.13 263557.19 253405 265475.72 266588.16 
Si   184715.98 199744.81 179645.48 246515.61 254703.16 243971.88  248690.41 278245.81 264640.44 253172.28 272509.25 276051.5 
Ca   5.21 5.21 5.21 5.21 5.21 5.21  18.86 18.86 18.86 18.86 18.86 18.86 
Ca   39120.45 39000.24 39446.54 39176.21 39411.04 39560.42  141755.91 137029.47 131339 135700.86 133337.47 134788.66 
Sc   124.92 120.35 115.86 130.37 129.58 136.6  52.35 51.55 50.05 54.36 53.46 54.91 
Ti  922.9 922.09 893.25 984.11 1008.09 1013.6  1047.27 1028.58 975.43 1097.22 1100.62 1094.07 
V  159.24 180.49 163.57 160.95 178.27 172.72  299.9 360.58 323.94 301.57 325.38 322.6 
Cr  25007.37 29098.43 26354.86 26735.24 32528.56 27660.98  9505.47 11998.61 11855.77 13397.79 14982.49 14858.47 
Mn  3303.63 3607.98 3221.03 3661.37 4320.18 3686.59  606.58 734.11 698.34 644.99 704.71 698.67 
Co  46.27 53.7 45.95 52.49 62.85 52.62  22.61 28.79 25.7 23.27 25.85 25.21 
Ni  32.17 36.82 31.79 37.2 45.53 37  366.64 472.53 436.98 368.51 414.27 414.36 
Zn  9.3 13.69 10.08 13.77 17.24 12.41  10.94 14.22 13.85 11.61 13.22 13.25 
Rb  <0.0151 <0.0166 <0.025 <0.063 <0.047 <0.056  <0.038 0.592 <0.033 <0.033 <0.042 <0.031 
Sr  0.451 0.489 0.64 0.471 0.397 0.513  362.98 370.65 351.88 365.42 364.65 367 
Y   28.06 23.91 21.02 27.92 26.22 25.08  3.21 3.09 2.88 3.28 2.85 2.92 
Zr   77.85 68.34 65.91 79.13 73.28 70.62  66.85 62.4 59.85 67.1 63.3 63.82 
Nb   0.173 0.164 0.193 0.208 0.209 0.156  0.532 0.464 0.672 0.534 0.485 0.501 
Ba  <0.020 0.0071 0.093 0.049 <0.083 0.079  0.116 0.225 0.139 0.154 0.361 0.193 
La  0.0134 0.0234 0.0454 <0.019 <0.0167 0.033  5.59 5.58 5.01 5.22 5.39 5.09 
Ce  0.375 0.447 0.521 0.421 0.38 0.44  23.5 26.83 23.88 23.56 24.22 24.72 
Pr  0.235 0.265 0.266 0.192 0.176 0.246  4.83 4.98 4.72 4.77 4.79 4.87 
Nd  2.93 3.35 3.27 2.66 2.56 2.79  24.8 25.29 24.18 24.32 24.08 24.78 
Sm  2.29 2.21 2.38 2.11 1.93 2.45  4.63 4.49 4.28 4.74 5.07 5.01 
Eu  0.967 1.107 0.946 0.968 0.85 0.923  1.279 1.162 1.155 1.127 1.118 1.233 
Gd  3.93 3.47 3.23 3.86 3.44 3.54  2.96 2.8 2.69 3.12 2.89 2.89 
Tb  0.725 0.623 0.591 0.712 0.673 0.694  0.307 0.262 0.269 0.281 0.248 0.313 
Dy  5.32 4.42 4.14 5.47 5.03 4.39  1.16 0.875 1.12 1.03 0.98 1.13 
Ho  0.986 0.884 0.798 1.035 0.956 0.887  0.165 0.121 0.099 0.133 0.103 0.128 
Er  2.93 2.4 2.14 3.07 2.86 2.64  0.275 0.226 0.197 0.213 0.22 0.241 
Tm  0.441 0.341 0.293 0.451 0.41 0.367  <0.0088 0.0262 0.0187 0.0282 0.0159 0.0156 
Yb  3.13 2.32 2.31 3.17 3.31 2.82  0.074 0.124 0.114 0.07 0.049 0.058 
Lu  0.515 0.421 0.32 0.503 0.502 0.417  0.0128 0.0154 0.0134 0.0132 0.0123 0.0239 
Hf  0.945 0.758 0.746 0.833 0.811 0.949  2.14 2.01 1.86 1.95 1.87 1.95 
Ta  0.0132 0.0132 0.0118 0.049 0.0128 0.012  0.04 0.064 0.065 0.066 0.056 0.068 
Pb  0.095 0.089 0.126 0.135 0.151 0.182  0.375 0.755 0.747 1.035 0.508 0.704 
Th  0.0051 0.0044 0.0064 <0.0077 0.0091 0.0117  0.047 0.078 0.055 0.075 0.059 0.052 







414 Table D.4 (continued) 
 
  
1 sigma error.                       B21 
  GT            CPX           
Element  003Bgt11 004Bgt12 005bgt13 006Bgt21 007Bgt22 008Bgt23  015Bcp11 016Bcp12 017Bcp13 018Bcp21 019Bcp22 020Bcp23 
Li  0.023 0.022 0.025 0.055 0.049 0.05  0.095 0.089 0.097 0.097 0.1 0.095 
Si   9370.05 9882.1 9029.71 11001.61 12209.37 10923.01  12418.15 13964.74 13294.95 12791.14 13415.19 13492.55 
Si   9321.61 10095.06 9106.3 12676.81 13112.79 12639.61  13159.22 14791.57 14179.36 13649.03 14792.6 15098.49 
Ca   0.17 0.17 0.17 0.18 0.18 0.18  0.61 0.6 0.61 0.61 0.61 0.61 
Ca   1268.28 1263.9 1282.06 1313.75 1318.22 1336.31  4783.38 4635.31 4487.44 4661.58 4611.54 4699.61 
Sc   5.75 5.63 5.53 6.47 6.59 7.17  3.6 3.7 3.78 4.31 4.45 4.81 
Ti  72.75 74.71 74.96 86.55 92.66 97.96  147.62 152.96 153.09 181.42 191.59 200.34 
V  5.61 6.38 5.84 5.98 6.66 6.58  12.66 15.51 14.3 13.61 15.02 15.26 
Cr  827 962.32 874.31 912.84 1108.96 952.26  330.22 418.48 418.01 475.62 536.2 536.78 
Mn  105.98 115.6 103.35 120.91 142.02 122.08  19.56 23.56 22.54 20.79 22.71 22.56 
Co  1.65 1.91 1.65 1.98 2.36 2.02  0.95 1.17 1.09 1 1.11 1.11 
Ni  1.27 1.43 1.26 1.71 1.99 1.74  14.26 18.24 17.19 14.61 16.52 16.71 
Zn  0.5 0.69 0.54 0.92 1.06 0.89  0.85 0.98 1.05 0.9 1.02 1.05 
Rb  0.0076 0.008 0.011 0.03 0.022 0.03  0.019 0.055 0.018 0.017 0.019 0.017 
Sr  0.029 0.029 0.036 0.046 0.04 0.05  15.08 15.71 15.32 16.27 16.63 17.17 
Y   0.98 0.84 0.75 1.06 1 0.98  0.17 0.15 0.16 0.17 0.16 0.16 
Zr   3.1 2.75 2.7 3.42 3.22 3.21  3.71 3.56 3.56 4.11 4.01 4.18 
Nb   0.018 0.017 0.02 0.033 0.032 0.031  0.058 0.045 0.069 0.056 0.052 0.055 
Ba  0.015 0.0071 0.027 0.035 0.025 0.046  0.068 0.063 0.069 0.065 0.093 0.068 
La  0.0046 0.0051 0.0072 0.011 0.0081 0.013  0.24 0.22 0.22 0.22 0.23 0.22 
Ce  0.023 0.025 0.028 0.039 0.035 0.041  0.9 1.02 0.94 0.94 0.98 1.02 
Pr  0.016 0.016 0.017 0.023 0.021 0.027  0.21 0.2 0.21 0.21 0.21 0.22 
Nd  0.15 0.16 0.16 0.22 0.2 0.23  1.09 1.06 1.09 1.08 1.08 1.14 
Sm  0.14 0.13 0.15 0.21 0.19 0.24  0.37 0.32 0.36 0.37 0.4 0.41 
Eu  0.05 0.054 0.049 0.074 0.065 0.074  0.091 0.074 0.086 0.081 0.081 0.089 
Gd  0.2 0.18 0.17 0.29 0.26 0.29  0.25 0.2 0.24 0.25 0.23 0.24 
Tb  0.035 0.031 0.03 0.05 0.046 0.051  0.03 0.023 0.028 0.027 0.025 0.03 
Dy  0.23 0.2 0.19 0.32 0.29 0.28  0.12 0.086 0.12 0.11 0.1 0.12 
Ho  0.044 0.04 0.037 0.063 0.058 0.059  0.021 0.014 0.016 0.018 0.015 0.018 
Er  0.13 0.11 0.1 0.18 0.17 0.17  0.046 0.032 0.039 0.036 0.038 0.039 
Tm  0.024 0.019 0.018 0.037 0.033 0.034  0.0058 0.0066 0.0069 0.0081 0.0054 0.0069 
Yb  0.15 0.12 0.12 0.22 0.22 0.21  0.028 0.029 0.035 0.03 0.029 0.031 
Lu  0.026 0.022 0.019 0.039 0.037 0.036  0.0064 0.0047 0.0055 0.006 0.0064 0.0071 
Hf  0.057 0.048 0.049 0.086 0.079 0.094  0.15 0.12 0.14 0.13 0.13 0.14 
Ta  0.0037 0.0033 0.0039 0.013 0.0057 0.0083  0.012 0.011 0.014 0.013 0.011 0.013 
Pb  0.023 0.021 0.026 0.06 0.048 0.058  0.059 0.066 0.074 0.089 0.06 0.07 
Th  0.0023 0.0021 0.0029 0.0035 0.0045 0.0063  0.011 0.012 0.012 0.013 0.011 0.011 







415 Table D.4 (continued) 
 
  
Trace element concentrations normalised to chondrite.                 B21 
  GT            CPX           
Element  003Bgt11 004Bgt12 005bgt13 006Bgt21 007Bgt22 008Bgt23  015Bcp11 016Bcp12 017Bcp13 018Bcp21 019Bcp22 020Bcp23 
Li  0.0781 0.1014 0.103 0.119 0.108 0.081  0.637 0.674 0.648 0.69 0.751 0.647 
Si   1.178 1.242 1.133 1.363 1.514 1.349  1.542 1.735 1.647 1.584 1.659 1.666 
Si   1.154 1.248 1.123 1.541 1.592 1.525  1.554 1.739 1.654 1.582 1.703 1.725 
Ca   2.76 2.76 2.76 2.76 2.76 2.76  9.98 9.98 9.98 9.98 9.98 9.98 
Ca   2.898 2.889 2.922 2.902 2.919 2.93  10.5 10.15 9.73 10.05 9.88 9.98 
Sc   14.46 13.93 13.41 15.09 15 15.81  6.06 5.97 5.79 6.29 6.19 6.36 
Ti  1.41 1.41 1.37 1.5 1.54 1.55  1.6 1.57 1.49 1.68 1.68 1.67 
V  1.873 2.123 1.924 1.894 2.097 2.032  3.53 4.24 3.81 3.55 3.83 3.8 
Cr  6.29 7.32 6.63 6.73 8.18 6.96  2.391 3.02 2.98 3.37 3.77 3.74 
Mn  1.124 1.227 1.096 1.245 1.469 1.254  0.2063 0.2497 0.2375 0.2194 0.2397 0.2376 
Co  0.0606 0.0703 0.0601 0.0687 0.0823 0.0689  0.0296 0.0377 0.0336 0.0305 0.0338 0.033 
Ni  0.00195 0.00223 0.00193 0.00225 0.00276 0.00224  0.02222 0.0286 0.0265 0.02233 0.0251 0.0251 
Zn  0.0201 0.0296 0.0218 0.0298 0.0373 0.0269  0.0237 0.0308 0.03 0.0251 0.0286 0.0287 
Rb  0 0 0 0 0 0  0 0.172 0 0 0 0 
Sr  0.0379 0.0411 0.0538 0.0396 0.0333 0.0431  30.5 31.15 29.57 30.71 30.64 30.84 
Y   12.47 10.63 9.34 12.41 11.65 11.14  1.427 1.374 1.28 1.456 1.268 1.296 
Zr   14.05 12.34 11.9 14.28 13.23 12.75  12.07 11.26 10.8 12.11 11.43 11.52 
Nb   0.462 0.438 0.515 0.554 0.558 0.416  1.42 1.24 1.79 1.42 1.29 1.34 
Ba  0 0.0021 0.0273 0.014 0 0.023  0.034 0.066 0.041 0.045 0.106 0.057 
La  0.037 0.064 0.124 0 0 0.089  15.24 15.21 13.65 14.23 14.68 13.88 
Ce  0.392 0.467 0.544 0.44 0.397 0.46  24.56 28.03 24.95 24.62 25.31 25.83 
Pr  1.71 1.94 1.94 1.4 1.28 1.8  35.25 36.37 34.45 34.81 35 35.53 
Nd  4.12 4.71 4.6 3.74 3.6 3.93  34.88 35.57 34.01 34.2 33.87 34.86 
Sm  9.92 9.57 10.29 9.13 8.36 10.6  20.04 19.44 18.55 20.51 21.93 21.68 
Eu  11.11 12.73 10.87 11.13 9.77 10.61  14.7 13.36 13.28 12.96 12.85 14.18 
Gd  12.84 11.34 10.55 12.62 11.24 11.58  9.68 9.15 8.8 10.19 9.46 9.43 
Tb  12.49 10.74 10.2 12.28 11.6 11.97  5.29 4.53 4.63 4.85 4.28 5.39 
Dy  13.97 11.61 10.87 14.35 13.19 11.53  3.05 2.3 2.93 2.7 2.58 2.97 
Ho  11.59 10.39 9.38 12.16 11.23 10.42  1.94 1.42 1.17 1.56 1.21 1.51 
Er  11.79 9.65 8.59 12.32 11.49 10.59  1.1 0.91 0.79 0.85 0.88 0.97 
Tm  12.37 9.59 8.23 12.66 11.51 10.31  0 0.74 0.52 0.79 0.45 0.44 
Yb  12.61 9.36 9.3 12.78 13.35 11.37  0.3 0.5 0.46 0.28 0.2 0.24 
Lu  13.52 11.06 8.39 13.21 13.17 10.96  0.34 0.4 0.35 0.35 0.32 0.63 
Hf  5.28 4.23 4.17 4.65 4.53 5.3  11.94 11.24 10.38 10.91 10.45 10.91 
Ta  0.51 0.51 0.45 1.87 0.49 0.46  1.55 2.44 2.5 2.52 2.16 2.61 
Pb  0.0261 0.0245 0.0346 0.037 0.041 0.05  0.103 0.207 0.205 0.284 0.139 0.193 
Th  0.121 0.103 0.151 0 0.21 0.27  1.1 1.84 1.3 1.77 1.39 1.22 







416 Table D.4 (continued) 
 
  
Trace Element Concentrations MDL filtered.                       713 
  GT                  CPX           
Element  0037gt11 0047gt12 0057gt13 0067gt21 0077gt22 0087gt23 0127op11 0137op12 0147op13  0157cp11 0167cp12 0177cp13 0187cp21 0197cp22 0207cp23 
Li  0.086 0.119 0.098 0.067 0.092 0.094 0.077 0.107 0.112  0.825 1.391 0.779 0.832 0.902 1.073 
Si   205316 219677 207441 209449 212255 234310 203319 237284 204255  246370 249481 234795 240765 254305 255236.1 
Si   208335 221044 208550 209066 211983 236149 214884 231866 205811  244600 247449 233077 241345 251137 252051.2 
Ca   4.64 4.64 4.64 4.64 4.64 4.64 4.64 4.64 4.64  20.01 20.01 20.01 20.01 20.01 20.01 
Ca   35416.8 35081.4 35132.6 35298.6 35118.2 35455 34964.6 35033 35637.7  141635 140722 140818 141314 143333 141283.3 
Sc   94.96 91.25 94.57 103.61 97.72 94.03 95.2 97.59 95.25  34.23 32.82 33.58 34.03 33.27 32.08 
Ti  576.14 579.27 592.94 458.9 436.51 472.27 522.17 448.91 553.81  1069.64 1060.12 1053.06 1059.45 1052.92 1037.36 
V  139.53 156.75 157.07 88.53 93.11 126.63 134.21 96.38 143.41  341.39 367.58 336.6 340.83 359.44 363.82 
Cr  10404.9 12317.9 10993.1 11910.2 12332.5 14362.7 13060.9 17675.5 13107  10693.7 11617.8 10771.3 11076.9 12258.1 13769.68 
Mn  2577.82 3108.41 2674.72 2944.06 2937.68 3289.41 2714.92 3548.37 2631.98  407.34 441.04 398.19 402.56 438.9 456.95 
Co  34.88 43.52 37.5 37.67 38.56 45.48 36.71 46.15 36.25  13.98 14.41 12.93 13.41 15.12 15.57 
Ni  17.36 20.95 18.94 19.13 20.44 22.44 33.72 25.86 20.07  250.1 274 235.89 246.48 283.59 289.47 
Zn  6.59 9.4 7.99 7.4 7.74 10.39 7.56 11.46 7.17  6.16 6.98 5.68 6.13 7.52 7.65 
Rb  <0.021 <0.020 <0.028 <0.0205 <0.022 <0.0223 1.428 0.126 0.023  0.06 0.408 <0.0130 <0.0191 <0.0188 0.098 
Sr  0.244 0.072 0.085 0.088 0.079 0.085 0.532 0.204 0.088  721.62 720.24 698.54 693.02 686.92 683.72 
Y   18.55 18.2 19.23 17.73 16.29 17.07 19.29 16.56 18.11  5.39 5.93 6.29 7.14 7.27 7.02 
Zr   7.05 6.87 7.92 7.58 7.23 7.91 11.1 7.22 6.85  58.66 59.33 61.28 63.68 62.78 60.79 
Nb   0.051 0.045 0.0369 0.072 0.057 0.0405 0.161 0.069 0.035  0.363 0.396 0.393 0.427 0.538 0.577 
Ba  0.083 0.181 0.048 <0.028 0.028 0.025 22.53 4.46 3.09  2.09 1.43 0.569 0.254 0.317 1.158 
La  0.0293 0.0048 0.0069 0.0123 0.0185 0.0223 0.0079 0.0196 0.0036  12.21 11.99 11.72 12.12 11.68 11.23 
Ce  0.133 0.127 0.119 0.137 0.106 0.128 0.174 0.161 0.0575  51.58 55.5 53.69 53.59 55.34 56.41 
Pr  0.0376 0.0269 0.0505 0.0579 0.0449 0.065 0.0826 0.0444 0.0218  9.63 10.21 10.21 10.54 10.36 10.29 
Nd  0.287 0.371 0.505 0.535 0.439 0.597 0.769 0.51 0.221  41.97 44.93 44.5 47.9 46.33 45.12 
Sm  0.296 0.273 0.318 0.405 0.294 0.31 0.637 0.384 0.228  5.69 6.31 6.25 6.53 6.8 6.51 
Eu  0.152 0.121 0.17 0.231 0.161 0.235 0.303 0.186 0.14  1.396 1.598 1.53 1.628 1.672 1.581 
Gd  1.019 0.752 0.926 0.914 0.761 0.908 1.28 0.904 0.839  3.24 3.53 3.74 4.02 3.86 3.83 
Tb  0.245 0.23 0.284 0.234 0.209 0.216 0.303 0.248 0.221  0.323 0.349 0.408 0.453 0.376 0.416 
Dy  2.19 2.42 2.47 2.36 2.1 2.3 2.69 1.97 2.32  1.509 1.694 1.939 1.96 1.92 1.877 
Ho  0.642 0.655 0.708 0.618 0.575 0.624 0.708 0.569 0.689  0.21 0.21 0.248 0.304 0.3 0.266 
Er  2.53 2.43 2.31 2.1 2 2.13 2.27 1.9 2.32  0.401 0.565 0.505 0.572 0.625 0.568 
Tm  0.385 0.409 0.388 0.36 0.331 0.333 0.424 0.306 0.391  0.0397 0.0451 0.0494 0.0669 0.0653 0.0567 
Yb  2.84 3.07 3.03 2.75 2.58 2.67 3.12 2.26 2.99  0.192 0.192 0.23 0.283 0.293 0.311 
Lu  0.502 0.474 0.532 0.448 0.445 0.5 0.476 0.387 0.497  0.022 0.0206 0.0185 0.0319 0.0345 0.0254 
Hf  0.203 0.182 0.223 0.123 0.121 0.154 0.198 0.069 0.152  2.003 2.057 2.162 2.3 2.43 2.29 
Ta  <0.0053 <0.0053 0.0068 <0.0034 <0.0065 0.0048 <0.0057 <0.0039 0.009  0.0632 0.0574 0.0734 0.0566 0.0628 0.0542 
Pb  0.049 0.096 <0.052 0.086 0.105 0.053 <0.18 0.035 0.093  1.99 2.22 2.02 1.97 2.46 2.53 
Th  0.0082 <0.0027 <0.0056 <0.0042 0.0052 <0.0040 0.0084 0.009 <0.0055  0.364 0.336 0.322 0.271 0.27 0.281 







417 Table D.4 (continued) 
 
  
1 sigma error.                             713 
  GT                  CPX           
Element  0037gt11 0047gt12 0057gt13 0067gt21 0077gt22 0087gt23 0127op11 0137op12 0147op13  0157cp11 0167cp12 0177cp13 0187cp21 0197cp22 0207cp23 
Li  0.021 0.02 0.02 0.019 0.018 0.017 0.02 0.02 0.021  0.044 0.07 0.044 0.05 0.053 0.058 
Si   10728.3 11489.1 10852.4 10980.6 11144.1 12315.3 10789.7 12621.2 10902.3  13088.6 13289.1 12540.1 12899.3 13662.8 13748.29 
Si   10629.2 11280.1 10637.3 10678.2 10833.6 12069.7 11041.7 11926.6 10610.4  12525.4 12686 11962.4 12406 12923.2 12980.08 
Ca   0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15  0.64 0.64 0.64 0.64 0.64 0.64 
Ca   1159.3 1147.3 1145.85 1153.6 1147.86 1157.56 1151.23 1155.13 1180.35  4605.07 4583.81 4594.78 4624.17 4698.27 4635.52 
Sc   3.25 3.12 3.22 3.54 3.34 3.21 3.3 3.39 3.34  1.19 1.14 1.17 1.2 1.18 1.13 
Ti  33.52 33.89 34.88 27.34 26.3 28.77 34.02 29.84 37.56  73.36 74.31 75.47 77.73 79.05 79.66 
V  4.86 5.46 5.46 3.1 3.26 4.43 4.79 3.46 5.18  12.13 13.14 12.1 12.35 13.1 13.33 
Cr  4969.63 6047.46 5567.34 6243.08 6711.59 8138.3 8897.63 12664.5 9890.25  8507.46 9754.62 9553.12 10385.3 12157.6 14456.02 
Mn  86.87 104.69 89.9 99.19 99.05 110.88 92.61 121.34 90.51  13.82 15.01 13.6 13.81 15.11 15.77 
Co  1.25 1.55 1.33 1.34 1.37 1.61 1.33 1.66 1.33  0.51 0.53 0.48 0.5 0.56 0.57 
Ni  0.94 1.11 0.99 1.02 1.09 1.18 1.82 1.45 1.18  13.14 14.63 12.81 13.64 15.95 16.53 
Zn  0.48 0.62 0.53 0.5 0.52 0.66 0.55 0.78 0.56  0.43 0.49 0.42 0.48 0.57 0.56 
Rb  0.01 0.01 0.012 0.0095 0.011 0.0097 0.081 0.019 0.013  0.011 0.03 0.0065 0.0079 0.0088 0.013 
Sr  0.022 0.012 0.012 0.012 0.012 0.011 0.034 0.02 0.014  22.77 22.76 22.09 21.96 21.79 21.68 
Y   0.64 0.63 0.66 0.61 0.56 0.59 0.67 0.58 0.64  0.19 0.21 0.23 0.26 0.27 0.25 
Zr   0.28 0.28 0.3 0.3 0.28 0.3 0.42 0.29 0.29  2 2.03 2.1 2.21 2.18 2.11 
Nb   0.011 0.011 0.0086 0.012 0.011 0.0098 0.019 0.013 0.011  0.024 0.027 0.027 0.031 0.036 0.033 
Ba  0.035 0.053 0.026 0.019 0.016 0.014 0.89 0.27 0.22  0.13 0.11 0.067 0.051 0.057 0.093 
La  0.0073 0.0032 0.0037 0.0045 0.005 0.0054 0.0039 0.006 0.0025  0.4 0.39 0.38 0.4 0.39 0.36 
Ce  0.015 0.014 0.012 0.013 0.012 0.012 0.016 0.016 0.0099  1.69 1.83 1.77 1.78 1.85 1.88 
Pr  0.0068 0.0057 0.0068 0.0081 0.0066 0.0076 0.0099 0.0078 0.0053  0.31 0.33 0.33 0.34 0.34 0.33 
Nd  0.045 0.051 0.054 0.059 0.052 0.059 0.077 0.062 0.044  1.66 1.8 1.8 1.97 1.92 1.87 
Sm  0.051 0.045 0.046 0.054 0.045 0.047 0.072 0.056 0.046  0.25 0.28 0.28 0.31 0.32 0.29 
Eu  0.018 0.016 0.017 0.021 0.017 0.02 0.026 0.02 0.019  0.061 0.07 0.068 0.076 0.077 0.069 
Gd  0.096 0.079 0.082 0.085 0.076 0.08 0.11 0.089 0.092  0.16 0.18 0.18 0.21 0.2 0.18 
Tb  0.018 0.017 0.018 0.017 0.015 0.015 0.021 0.018 0.018  0.018 0.019 0.021 0.025 0.022 0.021 
Dy  0.12 0.13 0.12 0.12 0.11 0.12 0.14 0.11 0.13  0.079 0.088 0.097 0.11 0.1 0.092 
Ho  0.034 0.034 0.034 0.031 0.03 0.03 0.036 0.031 0.037  0.013 0.014 0.015 0.019 0.019 0.015 
Er  0.13 0.12 0.11 0.11 0.1 0.1 0.12 0.1 0.13  0.031 0.039 0.037 0.045 0.046 0.038 
Tm  0.024 0.025 0.022 0.022 0.021 0.02 0.025 0.021 0.026  0.0052 0.0057 0.0062 0.0081 0.0078 0.0062 
Yb  0.15 0.16 0.15 0.15 0.14 0.14 0.17 0.13 0.17  0.024 0.026 0.028 0.037 0.036 0.032 
Lu  0.029 0.027 0.028 0.025 0.025 0.026 0.027 0.024 0.03  0.0039 0.0038 0.0037 0.0056 0.0057 0.0041 
Hf  0.028 0.025 0.027 0.019 0.02 0.021 0.027 0.017 0.026  0.088 0.091 0.095 0.11 0.11 0.097 
Ta  0.0021 0.0027 0.0032 0.0022 0.0028 0.0026 0.0036 0.0025 0.0037  0.0072 0.007 0.0082 0.0084 0.0083 0.0066 
Pb  0.019 0.021 0.023 0.02 0.021 0.019 0.15 0.017 0.022  0.17 0.19 0.18 0.18 0.23 0.24 
Th  0.004 0.0021 0.0025 0.0026 0.0028 0.0023 0.0038 0.0032 0.0036  0.02 0.02 0.019 0.019 0.019 0.017 







418 Table D.4 (continued) 
 
  
Trace element concentrations normalised to chondrite.                   713 
  GT                  CPX           
Element  0037gt11 0047gt12 0057gt13 0067gt21 0077gt22 0087gt23 0127op11 0137op12 0147op13  0157cp11 0167cp12 0177cp13 0187cp21 0197cp22 0207cp23 
Li  0.0359 0.0495 0.0408 0.0277 0.0382 0.0391 0.0322 0.0446 0.0469  0.344 0.579 0.324 0.347 0.376 0.447 
Si   1.283 1.373 1.297 1.309 1.327 1.464 1.271 1.483 1.277  1.54 1.559 1.467 1.505 1.589 1.595 
Si   1.302 1.382 1.303 1.307 1.325 1.476 1.343 1.449 1.286  1.529 1.547 1.457 1.508 1.57 1.575 
Ca   2.455 2.455 2.455 2.455 2.455 2.455 2.455 2.455 2.455  10.59 10.59 10.59 10.59 10.59 10.59 
Ca   2.623 2.599 2.602 2.615 2.601 2.626 2.59 2.595 2.64  10.49 10.42 10.43 10.47 10.62 10.47 
Sc   10.99 10.56 10.95 11.99 11.31 10.88 11.02 11.3 11.02  3.96 3.8 3.89 3.94 3.85 3.71 
Ti  0.881 0.886 0.907 0.702 0.667 0.722 0.798 0.686 0.847  1.64 1.62 1.61 1.62 1.61 1.59 
V  1.642 1.844 1.848 1.041 1.095 1.49 1.579 1.134 1.687  4.02 4.32 3.96 4.01 4.23 4.28 
Cr  2.62 3.1 2.77 3 3.1 3.61 3.29 4.45 3.3  2.69 2.92 2.71 2.79 3.08 3.46 
Mn  0.877 1.057 0.91 1.001 0.999 1.119 0.923 1.207 0.895  0.1385 0.15 0.1354 0.1369 0.1493 0.1554 
Co  0.0457 0.057 0.0491 0.0493 0.0505 0.0595 0.0481 0.0604 0.0475  0.0183 0.01886 0.01693 0.01755 0.0198 0.02038 
Ni  0.00105 0.00127 0.00115 0.00116 0.00124 0.00136 0.00204 0.00157 0.00122  0.01516 0.01661 0.0143 0.01494 0.01719 0.0175 
Zn  0.0143 0.0203 0.0173 0.016 0.0168 0.0225 0.0164 0.0248 0.0155  0.01333 0.0151 0.01229 0.0133 0.0163 0.0166 
Rb  0 0 0 0 0 0 0.414 0.0366 0.0066  0.0173 0.1181 0 0 0 0.0283 
Sr  0.0205 0.00601 0.00718 0.0074 0.00666 0.00714 0.0447 0.0171 0.0074  60.64 60.52 58.7 58.24 57.72 57.46 
Y   8.24 8.09 8.55 7.88 7.24 7.59 8.57 7.36 8.05  2.396 2.637 2.79 3.17 3.23 3.12 
Zr   1.272 1.239 1.43 1.369 1.305 1.427 2.004 1.304 1.236  10.59 10.71 11.06 11.49 11.33 10.97 
Nb   0.136 0.12 0.099 0.191 0.153 0.108 0.43 0.185 0.094  0.967 1.055 1.049 1.138 1.434 1.539 
Ba  0.024 0.053 0.0142 0 0.0081 0.0072 6.61 1.309 0.907  0.612 0.419 0.167 0.074 0.093 0.34 
La  0.08 0.0131 0.0189 0.033 0.05 0.061 0.022 0.053 0.0098  33.26 32.68 31.94 33.02 31.82 30.6 
Ce  0.139 0.133 0.124 0.143 0.111 0.133 0.182 0.169 0.06  53.9 57.99 56.11 56 57.83 58.94 
Pr  0.274 0.196 0.369 0.422 0.328 0.474 0.603 0.324 0.159  70.32 74.54 74.52 76.93 75.6 75.14 
Nd  0.403 0.522 0.711 0.752 0.617 0.839 1.08 0.717 0.311  59.03 63.19 62.59 67.37 65.17 63.46 
Sm  1.28 1.18 1.38 1.75 1.27 1.34 2.76 1.66 0.99  24.65 27.3 27.06 28.26 29.43 28.19 
Eu  1.74 1.39 1.95 2.66 1.85 2.7 3.48 2.14 1.6  16.05 18.37 17.59 18.71 19.22 18.17 
Gd  3.33 2.46 3.02 2.99 2.49 2.97 4.19 2.95 2.74  10.58 11.54 12.22 13.13 12.6 12.53 
Tb  4.23 3.96 4.89 4.04 3.6 3.72 5.22 4.27 3.81  5.57 6.01 7.04 7.82 6.49 7.17 
Dy  5.75 6.36 6.49 6.19 5.52 6.04 7.06 5.18 6.09  3.96 4.44 5.09 5.14 5.05 4.93 
Ho  7.55 7.7 8.32 7.27 6.75 7.33 8.32 6.68 8.1  2.47 2.47 2.91 3.57 3.52 3.13 
Er  10.18 9.75 9.29 8.42 8.04 8.54 9.13 7.63 9.3  1.61 2.27 2.03 2.3 2.51 2.28 
Tm  10.83 11.5 10.9 10.11 9.29 9.34 11.91 8.58 10.97  1.12 1.27 1.39 1.88 1.83 1.59 
Yb  11.45 12.38 12.23 11.1 10.41 10.78 12.58 9.12 12.06  0.774 0.77 0.93 1.14 1.18 1.25 
Lu  13.19 12.44 13.97 11.76 11.69 13.11 12.48 10.15 13.04  0.58 0.539 0.486 0.84 0.91 0.67 
Hf  1.14 1.02 1.25 0.69 0.67 0.86 1.11 0.386 0.85  11.19 11.49 12.08 12.83 13.57 12.79 
Ta  0 0 0.26 0 0 0.186 0 0 0.35  2.43 2.21 2.82 2.18 2.41 2.08 
Pb  0.0133 0.0264 0 0.0234 0.0287 0.0146 0 0.0097 0.0254  0.544 0.608 0.554 0.538 0.673 0.694 
Th  0.194 0 0 0 0.121 0 0.198 0.212 0  8.57 7.9 7.57 6.37 6.36 6.6 







419 Table D.4 (continued) 
 
  
Trace Element Concentrations MDL filtered.                   02073 
  GT            CPX           
Element  054gt11 055gt12 056gt13 057gt21 058gt22 059gt23  060cpx11 061cpx12 062cpx13 063cpx21 064cpx22 065cpx23 
Li  0.821 0.903 0.864 0.794 0.749 0.655  12.68 12.95 12.37 13.68 14.21 14.98 
Si   196354.78 205725.48 204310.14 188695.47 183887.03 190445.52  249804.53 250941.39 243989.97 252542.2 261782.58 264737.47 
Si   194451.63 205056.5 200638.7 187162.61 182415.59 189632.27  247226.64 249998.58 242203.97 249392.67 264499.81 266069.97 
Ca   9.04 9.04 9.04 9.04 9.04 9.04  14.84 14.84 14.84 14.84 14.84 14.84 
Ca   68869.95 66952.59 68283.86 67996.58 67807.55 68467  103660.82 103935.97 103817.7 103966.21 102306.91 105209.93 
Sc   76.61 71.66 74.48 77.35 67.33 73.06  26.65 26.19 25.71 26.6 25.91 25.57 
Ti  883.8 857.02 849.62 834.2 840.95 839.66  1686.81 1824.71 2009.63 1724.23 1654.25 2018.32 
V  131.02 129.44 130.96 125.53 118.65 126.96  502.49 530.61 469.92 496.92 525.09 550.02 
Cr  105.14 126.91 129.19 121.16 108.6 139.68  128.76 174.88 134.9 123.32 152.97 176.57 
Mn  2439.68 2597.51 2631.86 2587.59 2381.96 2551.48  269.85 280.07 240.18 261.72 289.42 265.07 
Co  56.39 64.57 63.6 51.78 55.12 58.18  23.67 25.32 25.26 23.75 26.09 29.85 
Ni  8.51 9.07 11.39 7.31 9.85 10.85  102.66 115.36 123.8 99.56 107.63 141.15 
Zn  50.57 63.92 63.16 52.34 55.35 61.6  44.74 44.07 49.57 45.88 51.72 61.37 
Rb  0.072 <0.030 <0.024 <0.025 0.028 0.041  <0.0220 <0.021 0.101 <0.025 <0.022 <0.029 
Sr  0.348 0.394 0.343 0.4 0.402 0.425  126.63 123.4 116.77 124.15 124.28 116.8 
Y   32.03 28.82 30.78 32.33 26.31 30.83  1.23 1.35 0.965 1.217 1.151 1.002 
Zr   13.12 12.24 12.19 14.82 13.07 12.64  43.64 36.77 23.9 45.56 43.98 22.21 
Nb   <0.0091 0.0329 0.108 0.0305 0.019 0.0142  0.277 0.261 0.188 0.51 0.242 0.13 
Ba  <0.0284 <0.056 0.15 <0.063 <0.040 <0.054  0.033 0.042 <0.032 <0.090 0.384 0.06 
La  0.0205 0.0216 0.0217 0.0212 0.0208 0.0234  1.44 1.432 1.53 1.482 1.404 1.578 
Ce  0.304 0.352 0.387 0.319 0.342 0.324  5.26 5.52 5.61 5.41 5.66 5.69 
Pr  0.143 0.171 0.18 0.16 0.158 0.163  1.01 0.995 1.11 1.047 1.084 1.082 
Nd  2.22 2.22 2.37 2.18 2.25 2.06  5.86 5.68 5.78 5.95 5.93 6.04 
Sm  2.86 2.78 2.8 2.87 2.84 2.87  1.65 1.58 1.63 1.59 1.51 1.76 
Eu  1.254 1.3 1.273 1.3 1.303 1.333  0.496 0.4 0.47 0.403 0.44 0.478 
Gd  5.45 5.31 5.75 5.65 5.37 5.74  1.238 1.05 1.133 1.22 1.11 1.048 
Tb  1.016 0.888 1.012 1.034 0.926 0.964  0.11 0.122 0.0961 0.1 0.11 0.096 
Dy  6.15 5.45 6.37 6.45 5.78 6.17  0.416 0.482 0.391 0.392 0.39 0.389 
Ho  1.205 1.025 1.124 1.197 0.958 1.173  0.0454 0.0596 0.0303 0.0496 0.043 0.0461 
Er  3.33 2.57 2.83 3.08 2.22 3.14  0.082 0.082 0.08 0.067 0.102 0.05 
Tm  0.406 0.364 0.376 0.411 0.294 0.409  0.008 0.01 0.0065 0.0185 0.0102 0.0046 
Yb  2.62 2.3 2.31 2.77 1.92 2.63  0.023 0.037 0.026 0.039 <0.029 <0.039 
Lu  0.412 0.418 0.37 0.36 0.288 0.398  0.0063 0.0075 0.003 0.0065 <0.0041 <0.0047 
Hf  0.178 0.123 0.154 0.167 0.22 0.134  1.567 1.472 1.131 1.856 1.819 1.078 
Ta  <0.0058 <0.0086 <0.0065 <0.0047 0.0011 <0.0071  0.0305 0.034 0.0141 0.042 0.0406 0.0397 
Pb  0.206 0.076 0.112 0.062 0.102 0.085  0.262 0.294 0.336 0.243 0.245 0.415 
Th  <0.0053 <0.0049 <0.0029 <0.0060 <0.0042 <0.0041  0.0164 0.0211 0.0104 0.0161 0.016 0.0248 







420 Table D.4 (continued) 
 
  
1 sigma error.                       02073 
  GT            CPX           
Element  054gt11 055gt12 056gt13 057gt21 058gt22 059gt23  060cpx11 061cpx12 062cpx13 063cpx21 064cpx22 065cpx23 
Li  0.045 0.049 0.046 0.043 0.042 0.043  0.42 0.43 0.41 0.46 0.48 0.51 
Si   10362.23 10885.17 10831.66 10029.12 9800.89 10180.15  13378.55 13492.55 13160.78 13679.4 14238.14 14461.36 
Si   10191.92 10776.45 10567.6 9887.38 9670.12 10090.9  13194.36 13412.59 13054.93 13521.57 14425.9 14603.78 
Ca   0.29 0.29 0.29 0.29 0.29 0.29  0.47 0.47 0.47 0.47 0.47 0.47 
Ca   2216.63 2158.78 2200.8 2193.35 2189.97 2214.02  3345.15 3365.77 3365.07 3381.73 3337.23 3442.76 
Sc   3.2 3.03 3.18 3.36 2.98 3.3  1.24 1.25 1.26 1.34 1.35 1.37 
Ti  33.95 33.22 33.15 32.89 33.57 34  68.9 76.04 85.22 74.8 73.38 91.57 
V  4.98 4.96 5.06 4.91 4.7 5.11  20.47 22.06 19.93 21.55 23.31 25.01 
Cr  4.23 5.15 5.29 5.03 4.58 5.99  5.62 7.8 6.16 5.79 7.36 8.72 
Mn  85.58 91.59 93.23 92.29 85.68 92.66  9.9 10.42 9.04 10.01 11.24 10.46 
Co  2.06 2.37 2.34 1.92 2.05 2.18  0.91 0.99 0.99 0.95 1.05 1.21 
Ni  0.49 0.54 0.63 0.44 0.57 0.62  5.08 5.87 6.42 5.34 5.93 7.98 
Zn  2.68 3.41 3.41 2.89 3.12 3.53  2.65 2.71 3.1 2.98 3.46 4.23 
Rb  0.017 0.013 0.011 0.012 0.013 0.013  0.009 0.01 0.016 0.011 0.011 0.012 
Sr  0.026 0.03 0.026 0.028 0.028 0.028  4.3 4.23 4.03 4.33 4.38 4.16 
Y   1.21 1.1 1.18 1.25 1.03 1.23  0.063 0.072 0.052 0.066 0.064 0.058 
Zr   0.51 0.49 0.48 0.58 0.52 0.51  1.69 1.46 0.97 1.86 1.83 0.96 
Nb   0.0059 0.0086 0.015 0.0087 0.0072 0.0055  0.024 0.026 0.019 0.039 0.024 0.018 
Ba  0.0087 0.021 0.045 0.031 0.023 0.023  0.019 0.021 0.013 0.033 0.062 0.031 
La  0.0058 0.0066 0.0059 0.0062 0.0062 0.0058  0.068 0.072 0.072 0.074 0.071 0.08 
Ce  0.022 0.025 0.025 0.022 0.023 0.022  0.18 0.19 0.19 0.19 0.19 0.2 
Pr  0.013 0.015 0.015 0.014 0.013 0.014  0.044 0.046 0.047 0.047 0.048 0.048 
Nd  0.14 0.15 0.14 0.14 0.14 0.13  0.26 0.27 0.26 0.28 0.28 0.28 
Sm  0.17 0.18 0.17 0.17 0.17 0.17  0.11 0.12 0.11 0.11 0.11 0.12 
Eu  0.064 0.068 0.065 0.065 0.065 0.066  0.032 0.031 0.03 0.03 0.031 0.033 
Gd  0.3 0.3 0.31 0.31 0.3 0.31  0.1 0.1 0.095 0.11 0.1 0.098 
Tb  0.049 0.046 0.049 0.05 0.046 0.048  0.01 0.012 0.0094 0.01 0.011 0.01 
Dy  0.27 0.25 0.28 0.29 0.26 0.28  0.041 0.049 0.04 0.043 0.042 0.042 
Ho  0.055 0.05 0.052 0.055 0.046 0.054  0.0065 0.0084 0.0051 0.0071 0.0068 0.0079 
Er  0.17 0.14 0.15 0.16 0.12 0.17  0.015 0.018 0.015 0.015 0.018 0.012 
Tm  0.025 0.024 0.024 0.025 0.02 0.024  0.0027 0.004 0.0032 0.0045 0.0033 0.002 
Yb  0.15 0.14 0.13 0.15 0.12 0.15  0.013 0.015 0.013 0.015 0.017 0.019 
Lu  0.025 0.026 0.023 0.023 0.019 0.024  0.0025 0.0035 0.0015 0.003 0.0024 0.0019 
Hf  0.025 0.022 0.024 0.023 0.027 0.021  0.081 0.085 0.064 0.097 0.095 0.067 
Ta  0.0025 0.0033 0.0031 0.0025 0.0011 0.0025  0.0057 0.0068 0.0043 0.0073 0.0076 0.0071 
Pb  0.025 0.019 0.02 0.017 0.018 0.017  0.024 0.028 0.027 0.026 0.026 0.033 
Th  0.0025 0.002 0.0018 0.003 0.0027 0.0019  0.0041 0.0053 0.0039 0.0046 0.0043 0.0054 







421 Table D.4 (continued) 
 
  
Trace element concentrations normalised to chondrite.        02073 
  GT       CPX      
Element  054gt11 055gt12 056gt13 057gt21 058gt22 059gt23  060cpx11 061cpx12 062cpx13 063cpx21 064cpx22 065cpx23 
Li  0.342 0.376 0.36 0.331 0.312 0.273  5.28 5.4 5.16 5.7 5.92 6.24 
Si   1.227 1.286 1.277 1.179 1.149 1.19  1.561 1.568 1.525 1.578 1.636 1.655 
Si   1.215 1.282 1.254 1.17 1.14 1.185  1.545 1.562 1.514 1.559 1.653 1.663 
Ca   4.78 4.78 4.78 4.78 4.78 4.78  7.86 7.86 7.86 7.86 7.86 7.86 
Ca   5.1 4.96 5.06 5.04 5.02 5.07  7.68 7.7 7.69 7.7 7.58 7.79 
Sc   8.87 8.29 8.62 8.95 7.79 8.46  3.08 3.03 2.98 3.08 3 2.96 
Ti  1.351 1.31 1.299 1.276 1.286 1.284  2.58 2.79 3.07 2.64 2.53 3.09 
V  1.541 1.523 1.541 1.477 1.396 1.494  5.91 6.24 5.53 5.85 6.18 6.47 
Cr  0.0264 0.0319 0.0325 0.0305 0.0273 0.0351  0.0324 0.044 0.0339 0.031 0.0385 0.0444 
Mn  0.83 0.884 0.895 0.88 0.81 0.868  0.0918 0.0953 0.0817 0.089 0.0984 0.0902 
Co  0.0738 0.0845 0.0833 0.0678 0.0721 0.0762  0.031 0.0331 0.0331 0.0311 0.0342 0.0391 
Ni  0.00052 0.00055 0.00069 0.00044 0.0006 0.00066  0.00622 0.00699 0.0075 0.00603 0.00652 0.00855 
Zn  0.1095 0.1383 0.1367 0.1133 0.1198 0.1333  0.0968 0.0954 0.1073 0.0993 0.1119 0.1328 
Rb  0.021 0 0 0 0.0082 0.012  0 0 0.0294 0 0 0 
Sr  0.0293 0.0331 0.0288 0.0336 0.0338 0.0357  10.64 10.37 9.81 10.43 10.44 9.81 
Y   14.24 12.81 13.68 14.37 11.69 13.7  0.547 0.6 0.429 0.541 0.511 0.445 
Zr   2.368 2.21 2.201 2.68 2.359 2.282  7.88 6.64 4.31 8.22 7.94 4.01 
Nb   0 0.088 0.289 0.081 0.051 0.038  0.74 0.696 0.503 1.36 0.646 0.348 
Ba  0 0 0.044 0 0 0  0.0097 0.0123 0 0 0.113 0.0175 
La  0.056 0.059 0.059 0.058 0.057 0.064  3.92 3.9 4.17 4.04 3.83 4.3 
Ce  0.317 0.368 0.404 0.333 0.357 0.338  5.5 5.76 5.86 5.66 5.92 5.94 
Pr  1.042 1.25 1.31 1.17 1.152 1.189  7.37 7.26 8.1 7.64 7.91 7.9 
Nd  3.12 3.12 3.33 3.07 3.17 2.89  8.24 7.98 8.13 8.37 8.34 8.49 
Sm  12.39 12.03 12.11 12.42 12.29 12.41  7.15 6.83 7.07 6.87 6.52 7.6 
Eu  14.42 14.94 14.64 14.94 14.97 15.32  5.7 4.6 5.4 4.64 5.06 5.5 
Gd  17.8 17.36 18.79 18.47 17.56 18.76  4.05 3.43 3.7 3.97 3.62 3.42 
Tb  17.53 15.31 17.45 17.83 15.97 16.62  1.9 2.11 1.66 1.72 1.89 1.66 
Dy  16.14 14.3 16.73 16.92 15.16 16.19  1.09 1.27 1.03 1.03 1.02 1.02 
Ho  14.16 12.04 13.21 14.06 11.26 13.79  0.533 0.7 0.356 0.583 0.505 0.542 
Er  13.38 10.33 11.36 12.36 8.92 12.61  0.329 0.331 0.321 0.27 0.411 0.201 
Tm  11.42 10.21 10.56 11.55 8.27 11.49  0.224 0.28 0.183 0.52 0.286 0.128 
Yb  10.58 9.29 9.32 11.17 7.73 10.59  0.095 0.148 0.105 0.158 0 0 
Lu  10.8 10.97 9.7 9.46 7.55 10.45  0.166 0.197 0.079 0.171 0 0 
Hf  0.99 0.69 0.86 0.93 1.23 0.75  8.75 8.22 6.32 10.37 10.16 6.02 
Ta  0 0 0 0 0.044 0  1.17 1.31 0.54 1.62 1.56 1.53 
Pb  0.0563 0.0209 0.0308 0.0169 0.0279 0.0234  0.0718 0.0807 0.092 0.0666 0.0671 0.1138 
Th  0 0 0 0 0 0  0.386 0.5 0.244 0.38 0.38 0.58 







422 Table D.4 (continued) 
 
  
Trace Element Concentrations MDL filtered.                   02093 
  GT            CPX           
Element  023gt11 024gt12 025gt13 029gt21 030gt22 031gt23  020cpx11 021cpx12 022cpx13 026cpx21 027cpx22 028cpx23 
Li  1.295 2.65 1.819 1.057 0.936 1.115  20.07 20.54 21.02 21.02 20.99 21.06 
Si   193942.45 222074.17 205971.98 181741.77 175686.63 201245.61  237820.88 239504.38 245150.2 237321.67 257391.08 268398.31 
Si   191843.75 215951.61 209391.91 187144.03 174044.22 195087.2  235869.05 236389.58 247660.7 236395.94 254421.58 264089.66 
Ca   6.81 6.81 6.8 6.81 6.81 6.81  13.13 13.13 13.13 13.13 13.13 13.13 
Ca   52435.79 52615.18 50509.66 51369.89 51681.13 50876.55  94250.78 94100.83 91831.15 93219.63 93354.09 91976.7 
Sc   78.94 67.68 63.4 71.87 67.48 69.89  37.35 37.31 35 37.09 35.4 34.67 
Ti  631.51 651.23 628.62 728.33 749.92 738.22  1696.65 1666.6 1688.86 1748.27 1735.48 1739.8 
V  147.18 217.01 194.72 181.38 184.53 201.66  574.06 578.34 617.54 575.55 645.49 639.64 
Cr  239.5 306.53 298.23 229.9 227.87 266.28  226.14 245.62 269.28 229.71 270.06 270.81 
Mn  3516.53 3951.65 3923.12 3224.66 3152.98 3618.8  341.9 351.45 394.5 354.78 411.05 414.58 
Co  63.05 77.17 75.59 56.84 56.24 66.62  26.4 27.92 30.73 26.41 32.04 32.44 
Ni  11.07 29.01 14.93 8.65 8.88 11.35  121.79 128.06 138.78 124.62 157.33 154.95 
Zn  90.37 141.03 132.1 83.18 78.91 109.61  81.06 85.35 111.12 78.96 115.42 119.78 
Rb  0.05 <0.025 0.025 <0.032 <0.028 0.034  0.038 <0.0177 <0.0143 <0.055 <0.0181 <0.0153 
Sr  1.329 3.77 0.935 0.305 0.189 0.177  111.58 110.84 110.65 114.04 113.06 117.88 
Y   76.21 61.45 58.16 67.3 62.46 64.26  2.89 2.88 2.66 3.04 2.72 2.7 
Zr   6.36 5.38 5.16 5.67 6.84 5.5  30.24 29.39 28.13 31.73 28.18 28.32 
Nb   <0.0080 <0.0059 <0.0087 <0.0089 0.086 <0.0068  <0.0062 <0.0062 <0.0064 0.0084 <0.0057 0.0083 
Ba  <0.030 0.019 <0.099 <0.033 <0.028 <0.062  0.905 0.034 0.024 0.275 0.098 0.058 
La  0.0431 0.075 0.0245 <0.0092 0.0282 <0.0099  2.085 1.983 2.086 2.41 2.09 2.61 
Ce  0.316 0.612 0.318 0.249 0.214 0.218  7.92 7.58 8.33 8.89 8.4 10.36 
Pr  0.149 0.183 0.139 0.151 0.148 0.135  1.485 1.472 1.532 1.649 1.531 1.7 
Nd  2.19 2.2 1.81 2 2.13 2.04  8.89 8.43 8.85 9.55 8.42 9.61 
Sm  3.44 2.99 2.86 3 3.2 3.87  3.01 2.86 2.8 2.62 2.65 3 
Eu  1.748 1.592 1.54 1.586 1.68 1.674  0.79 0.779 0.826 0.808 0.772 0.715 
Gd  9.02 7.93 6.93 8.33 7.25 7.55  2.25 1.99 1.9 2.06 2.02 1.97 
Tb  1.738 1.574 1.435 1.439 1.417 1.556  0.253 0.218 0.187 0.204 0.221 0.209 
Dy  13.25 10.94 10.2 11.75 10.39 10.71  0.919 1.001 0.948 1.07 0.834 0.864 
Ho  2.77 2.399 2.238 2.5 2.47 2.46  0.136 0.124 0.0978 0.126 0.116 0.116 
Er  8.77 7.1 6.61 7.55 7.41 6.92  0.221 0.21 0.253 0.222 0.187 0.229 
Tm  1.29 1.064 0.977 1.193 1.06 1.092  0.0212 0.0238 0.0227 0.023 0.0241 0.0485 
Yb  8.45 7.27 6.69 7.74 7.69 7.52  0.135 0.084 0.114 0.141 0.1 0.131 
Lu  1.304 1.085 1.093 1.294 1.306 1.124  0.0119 0.01 0.0154 0.0087 0.0153 0.0124 
Hf  0.106 0.093 0.061 0.09 0.156 0.134  1.819 1.737 1.587 1.859 1.609 1.649 
Ta  <0.0060 <0.0062 <0.0046 <0.0054 <0.0047 0.0028  <0.0037 <0.0037 <0.0039 <0.0035 <0.0040 0.0017 
Pb  0.166 0.168 0.117 <0.21 0.159 0.211  0.542 0.549 0.684 0.471 0.764 0.698 
Th  <0.0053 <0.0031 <0.0052 <0.0059 0.276 <0.0052  0.0474 0.0483 0.0396 0.0438 0.0427 0.0513 







423 Table D.4 (continued) 
 
  
1 sigma error.                       02093 
  GT            CPX           
Element  023gt11 024gt12 025gt13 029gt21 030gt22 031gt23  020cpx11 021cpx12 022cpx13 026cpx21 027cpx22 028cpx23 
Li  0.064 0.11 0.08 0.061 0.055 0.062  0.69 0.71 0.73 0.76 0.77 0.78 
Si   10418.05 11926.65 11069.17 9820.58 9504.39 10897.88  12715.48 12810.59 13117.6 12743.89 13826.43 14432.53 
Si   10427.13 11767.17 11454.29 10473.45 9804.21 11063.85  12691.59 12741.25 13377.86 12969.97 14021.88 14636.65 
Ca   0.22 0.22 0.22 0.22 0.22 0.22  0.42 0.42 0.42 0.42 0.42 0.42 
Ca   1718.84 1723.85 1658.43 1716.75 1734.22 1713.63  3049.99 3047.64 2976.91 3055.09 3064.14 3029.73 
Sc   2.63 2.25 2.11 2.42 2.28 2.36  1.24 1.24 1.16 1.24 1.18 1.16 
Ti  54.8 58.5 58.72 81.1 87.39 90.02  135.76 136.04 141.48 169.93 176.14 184.67 
V  5.34 7.91 7.16 7.03 7.25 8.03  20.29 20.52 22.01 21.27 24.09 24.18 
Cr  8.28 10.59 10.33 8.17 8.14 9.55  7.71 8.38 9.19 7.97 9.38 9.45 
Mn  114.6 128.53 127.65 105.81 103.59 118.97  11.06 11.37 12.75 11.53 13.33 13.46 
Co  2.85 3.53 3.52 2.93 2.97 3.61  1.16 1.23 1.37 1.27 1.56 1.62 
Ni  0.59 1.3 0.73 0.53 0.54 0.65  4.85 5.11 5.55 5.2 6.55 6.53 
Zn  4.23 6.51 6.17 4.22 4.08 5.68  3.67 3.87 5.02 3.8 5.51 5.8 
Rb  0.015 0.011 0.011 0.014 0.014 0.014  0.012 0.0091 0.0067 0.02 0.0079 0.0073 
Sr  0.065 0.14 0.047 0.027 0.02 0.019  3.56 3.54 3.53 3.68 3.65 3.81 
Y   2.61 2.11 2.01 2.41 2.26 2.34  0.11 0.11 0.1 0.12 0.11 0.11 
Zr   0.26 0.22 0.21 0.25 0.3 0.25  1.05 1.02 0.98 1.14 1.01 1.02 
Nb   0.0033 0.0018 0.0037 0.0027 0.016 0.0045  0.0039 0.0039 0.0037 0.0045 0.0036 0.0034 
Ba  0.019 0.013 0.033 0.024 0.015 0.022  0.092 0.019 0.015 0.055 0.029 0.021 
La  0.0091 0.011 0.0058 0.0042 0.0079 0.0051  0.086 0.082 0.085 0.1 0.088 0.11 
Ce  0.024 0.034 0.022 0.022 0.02 0.02  0.28 0.27 0.3 0.33 0.32 0.39 
Pr  0.014 0.014 0.012 0.015 0.015 0.014  0.058 0.057 0.058 0.066 0.058 0.064 
Nd  0.15 0.14 0.12 0.15 0.15 0.14  0.37 0.35 0.36 0.42 0.36 0.41 
Sm  0.2 0.17 0.16 0.19 0.2 0.22  0.16 0.15 0.15 0.16 0.14 0.16 
Eu  0.084 0.074 0.072 0.082 0.086 0.085  0.042 0.042 0.042 0.047 0.041 0.039 
Gd  0.41 0.36 0.32 0.41 0.37 0.38  0.14 0.12 0.12 0.14 0.12 0.12 
Tb  0.074 0.066 0.061 0.069 0.067 0.072  0.016 0.015 0.013 0.016 0.015 0.014 
Dy  0.5 0.41 0.38 0.46 0.42 0.43  0.062 0.065 0.061 0.075 0.057 0.058 
Ho  0.11 0.092 0.086 0.1 0.1 0.1  0.011 0.011 0.0091 0.012 0.01 0.01 
Er  0.36 0.29 0.27 0.34 0.33 0.32  0.024 0.023 0.025 0.027 0.021 0.024 
Tm  0.057 0.047 0.044 0.056 0.052 0.053  0.0042 0.0044 0.0042 0.005 0.0043 0.0063 
Yb  0.35 0.3 0.28 0.34 0.34 0.33  0.023 0.019 0.02 0.026 0.019 0.022 
Lu  0.057 0.047 0.047 0.058 0.059 0.052  0.0033 0.0029 0.0034 0.0029 0.0033 0.0032 
Hf  0.02 0.018 0.013 0.02 0.026 0.023  0.088 0.085 0.078 0.097 0.079 0.081 
Ta  0.003 0.0024 0.0018 0.0017 0.0021 0.002  0.0015 0.0015 0.0012 0.0011 0.0023 0.0012 
Pb  0.025 0.025 0.019 0.13 0.026 0.03  0.041 0.041 0.047 0.042 0.056 0.053 
Th  0.0023 0.0019 0.0019 0.0022 0.021 0.002  0.0068 0.0064 0.0057 0.007 0.0061 0.0065 







424 Table D.4 (continued) 
 
  
Trace element concentrations normalised to chondrite.                 02093 
  GT            CPX           
Element  023gt11 024gt12 025gt13 029gt21 030gt22 031gt23  020cpx11 021cpx12 022cpx13 026cpx21 027cpx22 028cpx23 
Li  0.539 1.105 0.758 0.441 0.39 0.464  8.36 8.56 8.76 8.76 8.75 8.77 
Si   1.212 1.388 1.287 1.136 1.098 1.258  1.486 1.497 1.532 1.483 1.609 1.677 
Si   1.199 1.35 1.309 1.17 1.088 1.219  1.474 1.477 1.548 1.477 1.59 1.651 
Ca   3.6 3.6 3.6 3.6 3.6 3.6  6.95 6.95 6.95 6.95 6.95 6.95 
Ca   3.88 3.9 3.74 3.81 3.83 3.77  6.98 6.97 6.8 6.91 6.92 6.81 
Sc   9.14 7.83 7.34 8.32 7.81 8.09  4.32 4.32 4.05 4.29 4.1 4.01 
Ti  0.966 0.996 0.961 1.11 1.15 1.13  2.59 2.55 2.58 2.67 2.65 2.66 
V  1.732 2.553 2.291 2.134 2.171 2.373  6.75 6.8 7.27 6.77 7.59 7.53 
Cr  0.0603 0.0771 0.075 0.0578 0.0573 0.067  0.0569 0.0618 0.0677 0.0578 0.0679 0.0681 
Mn  1.196 1.344 1.334 1.097 1.072 1.231  0.1163 0.1195 0.1342 0.1207 0.1398 0.141 
Co  0.0825 0.101 0.0989 0.0744 0.0736 0.0872  0.0346 0.0365 0.0402 0.0346 0.0419 0.0425 
Ni  0.00067 0.00176 0.0009 0.00052 0.00054 0.00069  0.00738 0.00776 0.00841 0.00755 0.00954 0.00939 
Zn  0.1956 0.305 0.286 0.18 0.1708 0.237  0.1755 0.1848 0.241 0.1709 0.25 0.259 
Rb  0.0144 0 0.0072 0 0 0.01  0.0109 0 0 0 0 0 
Sr  0.1117 0.317 0.0786 0.0256 0.0159 0.0149  9.38 9.31 9.3 9.58 9.5 9.91 
Y   33.87 27.31 25.85 29.91 27.76 28.56  1.282 1.28 1.182 1.351 1.211 1.2 
Zr   1.148 0.97 0.931 1.023 1.235 0.993  5.46 5.3 5.08 5.73 5.09 5.11 
Nb   0 0 0 0 0.229 0  0 0 0 0.022 0 0.0222 
Ba  0 0.0056 0 0 0 0  0.265 0.0099 0.007 0.081 0.0288 0.017 
La  0.117 0.204 0.067 0 0.077 0  5.68 5.4 5.69 6.57 5.69 7.11 
Ce  0.33 0.64 0.332 0.261 0.224 0.228  8.27 7.92 8.71 9.29 8.78 10.83 
Pr  1.08 1.34 1.015 1.1 1.08 0.982  10.84 10.75 11.18 12.04 11.17 12.41 
Nd  3.08 3.1 2.55 2.81 2.99 2.87  12.5 11.86 12.45 13.43 11.85 13.51 
Sm  14.88 12.96 12.38 12.99 13.85 16.75  13.04 12.37 12.12 11.33 11.45 13 
Eu  20.1 18.29 17.7 18.23 19.31 19.24  9.08 8.95 9.5 9.29 8.87 8.21 
Gd  29.49 25.92 22.64 27.23 23.69 24.68  7.34 6.49 6.22 6.74 6.59 6.45 
Tb  29.97 27.13 24.74 24.81 24.43 26.83  4.36 3.75 3.23 3.52 3.81 3.6 
Dy  34.79 28.73 26.77 30.85 27.27 28.12  2.41 2.63 2.49 2.81 2.19 2.27 
Ho  32.59 28.19 26.3 29.43 29.06 28.88  1.6 1.46 1.15 1.48 1.36 1.36 
Er  35.23 28.53 26.54 30.32 29.76 27.8  0.889 0.842 1.02 0.89 0.75 0.919 
Tm  36.23 29.89 27.45 33.5 29.79 30.66  0.6 0.67 0.64 0.65 0.68 1.36 
Yb  34.08 29.32 26.97 31.22 31.02 30.31  0.544 0.341 0.458 0.57 0.402 0.53 
Lu  34.22 28.48 28.68 33.97 34.29 29.5  0.314 0.261 0.403 0.227 0.401 0.326 
Hf  0.59 0.52 0.341 0.5 0.87 0.75  10.16 9.7 8.87 10.38 8.99 9.21 
Ta  0 0 0 0 0 0.108  0 0 0 0 0 0.065 
Pb  0.0454 0.0461 0.0321 0 0.0436 0.0579  0.149 0.15 0.187 0.129 0.209 0.191 
Th  0 0 0 0 6.49 0  1.12 1.14 0.93 1.03 1 1.21 







425 Table D.4 (continued) 
 
  
Trace Element Concentrations MDL filtered.                   RDK1 
  GT            CPX           
Element  003gt11 004gt12 005gt13 009gt21 010gt22 011gt23  006cpx11 007cpx12 008cpx13 012cpx21 013cpx22 014cpx23 
Li  0.966 1.083 1.126 1.079 0.998 1.015  9.02 9.08 9.21 8.01 9.35 9.52 
Si   210015 211066 229280.81 200650.22 205203.55 220019.83  237122.89 238218.81 255871.67 233525.23 247385.48 256482.61 
Si   209403.13 208388.47 229552.95 200792.22 201030.55 220351.78  234614.36 237140.02 250764.33 232512.42 248352.77 255549.89 
Ca   5 5 5 5 5 5  20 20 20 20 20 20 
Ca   35197.1 35408.44 35584.17 35813.88 35688.11 36414.66  141968.77 141093.31 140298.47 141075.78 140239.58 143644.14 
Sc   71.36 67.41 65 64.77 63.73 66.12  41.5 41.8 42.5 42.07 40.4 40.43 
Ti  313.73 249.04 144.41 181.93 410.78 219.45  954.14 843.2 683.85 1930.24 1498.2 1446.63 
V  132.13 143.86 143.46 126.22 128.34 144.37  506.85 518.52 571.67 461.06 490.89 501.46 
Cr  965.92 1054.13 1146.49 927.54 889.72 988.8  800.67 823.08 928.63 691.57 767.08 778.11 
Mn  2855.48 2982.38 3201.34 2626.8 2641.57 2917.01  211.47 218.43 247.62 218.39 258.69 262.94 
Co  73.86 79.11 86.62 69.57 71.2 80.38  28.24 29.04 32.81 28.1 32.85 35.76 
Ni  8.38 10.24 10.7 10.13 9.68 10.8  308.44 312.58 346.81 289.92 339.56 357.99 
Zn  70.72 80.43 102.13 65.8 69.32 85.27  74.03 72.63 91.49 65.07 97.66 101.68 
Rb  <0.026 <0.055 0.141 <0.057 <0.018 <0.0179  0.047 <0.0126 <0.0145 <0.0149 0.101 <0.042 
Sr  1.843 0.222 0.0314 0.062 0.089 0.375  76.42 75.07 78.83 74.09 75.06 74.27 
Y   45.47 43.85 41.74 42.91 44.05 42.91  4.08 3.74 3.26 3.93 3.9 3.62 
Zr   2.48 3.03 2.37 3.44 4 2.54  39 37.61 35.23 36.66 33.68 31.64 
Nb   <0.023 <0.034 0.077 <0.058 <0.0050 <0.0094  0.0148 <0.0036 <0.0077 0.0213 0.0151 0.0162 
Ba  <0.107 <0.096 <0.131 <0.0278 0.025 <0.055  1.56 2.86 0.886 7.31 20.32 6.09 
La  0.0467 0.0296 <0.0066 <0.0069 <0.0052 0.0265  1.402 1.392 1.271 1.351 1.432 1.415 
Ce  <0.056 0.086 0.155 0.063 0.0283 0.092  7.15 7.05 7.05 7.06 7.66 7.84 
Pr  0.0284 <0.037 0.0038 <0.0092 0.0433 0.0196  1.661 1.567 1.55 1.641 1.76 1.62 
Nd  0.237 0.401 0.269 0.25 0.317 0.299  9.95 9.88 9.33 9.87 9.89 9.48 
Sm  0.809 0.992 0.873 0.731 0.9 0.843  3.31 3.29 3.17 3.32 3.06 2.97 
Eu  0.514 0.5 0.59 0.523 0.52 0.488  1.008 0.973 0.881 0.981 0.947 0.874 
Gd  3.16 3.07 2.98 3.27 3.02 3.2  2.67 2.68 2.47 2.9 2.75 2.72 
Tb  0.8 0.777 0.702 0.759 0.773 0.729  0.33 0.317 0.286 0.338 0.287 0.364 
Dy  7.06 6.34 6.51 6.7 6.66 6.49  1.403 1.334 1.171 1.433 1.332 1.2 
Ho  1.631 1.68 1.49 1.655 1.709 1.587  0.172 0.143 0.1246 0.159 0.161 0.143 
Er  5.8 5.12 5.09 5.52 5.41 5.49  0.272 0.234 0.19 0.254 0.268 0.218 
Tm  0.883 0.788 0.755 0.79 0.828 0.806  0.0257 0.0239 0.0232 0.0251 0.0193 0.0178 
Yb  5.93 5.94 5.25 5.31 5.9 5.84  0.078 0.105 0.086 0.104 0.135 0.089 
Lu  0.959 0.909 0.862 0.899 0.958 1.026  0.0683 0.0042 0.0119 0.0094 0.0133 0.0075 
Hf  0.055 0.036 0.061 0.037 0.039 0.032  1.542 1.405 1.463 1.507 1.229 1.222 
Ta  <0.0041 <0.0050 0.0104 <0.0046 <0.0042 <0.0064  <0.0037 <0.0021 <0.0053 <0.0033 <0.0047 <0.0048 
Pb  0.242 0.082 0.12 0.102 <0.083 0.107  0.282 0.824 0.306 0.524 0.558 0.467 
Th  <0.025 0.0704 0.0307 <0.0209 <0.0046 <0.00286  0.0028 <0.0033 0.0052 <0.0020 <0.0034 <0.0095 







426 Table D.4 (continued) 
 
  
1 sigma error.                       RDK1 
  GT            CPX           
Element  003gt11 004gt12 005gt13 009gt21 010gt22 011gt23  006cpx11 007cpx12 008cpx13 012cpx21 013cpx22 014cpx23 
Li  0.075 0.082 0.087 0.093 0.086 0.089  0.63 0.64 0.67 0.66 0.8 0.84 
Si   11303.53 11431.16 12529.91 11528.03 11954.48 13025.54  13012.29 13223.58 14387.08 14019.6 15138.39 16013.52 
Si   12014.53 12062.22 13452.06 12627.62 12905.91 14475.11  13874.75 14257.02 15356.87 15609.31 17115.55 18097.14 
Ca   0.16 0.16 0.16 0.17 0.16 0.16  0.64 0.64 0.64 0.64 0.64 0.64 
Ca   1174.43 1181.78 1192.35 1221.78 1216.85 1245.17  4690.16 4675.15 4663.3 4788.36 4790.34 4941.15 
Sc   2.41 2.29 2.22 2.27 2.23 2.32  1.4 1.42 1.44 1.47 1.43 1.44 
Ti  19.36 15.65 9.39 13.22 30.42 16.93  61.67 56.04 46.86 152.75 123.41 124.11 
V  7.42 8.16 8.26 7.99 8.34 9.67  29.54 30.89 34.91 31.74 34.92 36.89 
Cr  60.08 66.37 73.45 65.86 65.12 74.77  52.16 54.94 63.69 53.99 62.03 65.22 
Mn  131.25 138.19 150.23 132.88 136.5 154.41  10.01 10.51 12.15 11.82 14.4 15.06 
Co  3.23 3.48 3.85 3.31 3.43 3.95  1.27 1.32 1.51 1.41 1.69 1.88 
Ni  0.57 0.68 0.72 0.76 0.72 0.8  17.69 18.32 20.81 19.62 23.74 25.9 
Zn  4.4 5.05 6.52 4.71 5.08 6.41  4.79 4.81 6.2 5.05 7.82 8.45 
Rb  0.013 0.022 0.023 0.024 0.011 0.0092  0.011 0.0066 0.0063 0.0081 0.017 0.02 
Sr  0.084 0.027 0.0096 0.013 0.014 0.028  2.46 2.42 2.54 2.42 2.46 2.45 
Y   1.54 1.48 1.42 1.49 1.52 1.48  0.15 0.14 0.12 0.15 0.15 0.14 
Zr   0.13 0.15 0.13 0.18 0.18 0.13  1.31 1.26 1.18 1.25 1.15 1.09 
Nb   0.01 0.015 0.014 0.019 0.0016 0.0036  0.005 0.0019 0.0032 0.0064 0.0061 0.0061 
Ba  0.039 0.03 0.049 0.0086 0.017 0.027  0.13 0.18 0.08 0.36 0.84 0.32 
La  0.0096 0.0082 0.0033 0.005 0.0034 0.0067  0.061 0.059 0.053 0.059 0.062 0.063 
Ce  0.026 0.012 0.016 0.016 0.007 0.012  0.26 0.26 0.26 0.27 0.3 0.31 
Pr  0.0068 0.013 0.0022 0.005 0.008 0.0048  0.064 0.06 0.057 0.063 0.067 0.064 
Nd  0.055 0.055 0.046 0.049 0.065 0.047  0.46 0.46 0.43 0.49 0.5 0.5 
Sm  0.088 0.097 0.094 0.096 0.096 0.088  0.19 0.19 0.17 0.2 0.19 0.19 
Eu  0.037 0.036 0.041 0.043 0.037 0.034  0.049 0.047 0.041 0.048 0.047 0.046 
Gd  0.19 0.19 0.19 0.22 0.19 0.19  0.15 0.15 0.13 0.16 0.15 0.16 
Tb  0.04 0.039 0.037 0.043 0.039 0.036  0.019 0.019 0.016 0.019 0.018 0.021 
Dy  0.3 0.27 0.28 0.3 0.29 0.27  0.083 0.078 0.066 0.083 0.08 0.077 
Ho  0.068 0.069 0.064 0.073 0.071 0.065  0.013 0.012 0.0097 0.012 0.013 0.012 
Er  0.24 0.21 0.22 0.24 0.23 0.22  0.028 0.025 0.02 0.026 0.027 0.029 
Tm  0.044 0.04 0.04 0.044 0.042 0.04  0.0047 0.0044 0.0038 0.0049 0.0041 0.0045 
Yb  0.28 0.27 0.26 0.28 0.29 0.28  0.02 0.021 0.016 0.021 0.023 0.021 
Lu  0.046 0.044 0.043 0.048 0.047 0.047  0.0079 0.0021 0.0027 0.0029 0.0033 0.0028 
Hf  0.016 0.012 0.017 0.016 0.014 0.01  0.078 0.072 0.069 0.076 0.067 0.068 
Ta  0.0019 0.0024 0.0039 0.0014 0.0019 0.0024  0.0011 0.0011 0.0018 0.0017 0.0014 0.003 
Pb  0.029 0.02 0.022 0.021 0.033 0.016  0.024 0.045 0.023 0.034 0.036 0.037 
Th  0.013 0.0096 0.0065 0.0066 0.0023 0.00088  0.0019 0.0019 0.0018 0.0016 0.0013 0.0032 







427 Table D.4 (continued) 
 
  
Trace element concentrations normalised to chondrite.                 
  GT            CPX         
Element  003gt11 004gt12 005gt13 009gt21 010gt22 011gt23  006cpx11 007cpx12 008cpx13 012cpx21 013cpx22 
Li  0.403 0.451 0.469 0.45 0.416 0.423  3.76 3.78 3.84 3.34 3.9 
Si   1.313 1.319 1.433 1.254 1.283 1.375  1.482 1.489 1.599 1.46 1.546 
Si   1.309 1.302 1.435 1.255 1.256 1.377  1.466 1.482 1.567 1.453 1.55 
Ca   2.647 2.647 2.647 2.647 2.647 2.647  10.59 10.59 10.59 10.59 10.59 
Ca   2.607 2.623 2.636 2.653 2.644 2.697  10.52 10.45 10.39 10.45 10.39 
Sc   8.26 7.8 7.52 7.5 7.38 7.65  4.8 4.84 4.92 4.87 4.68 
Ti  0.48 0.381 0.221 0.278 0.628 0.336  1.459 1.289 1.046 2.95 2.29 
V  1.554 1.692 1.688 1.485 1.51 1.7  5.96 6.1 6.73 5.42 5.78 
Cr  0.243 0.265 0.288 0.233 0.224 0.249  0.201 0.207 0.234 0.174 0.193 
Mn  0.971 1.014 1.089 0.893 0.898 0.992  0.0719 0.0743 0.0842 0.0743 0.088 
Co  0.0967 0.1035 0.1134 0.0911 0.0932 0.1052  0.037 0.038 0.0429 0.0368 0.043 
Ni  0.00051 0.00062 0.00065 0.00061 0.00059 0.00065  0.0187 0.0189 0.021 0.0176 0.0206 
Zn  0.1531 0.174 0.221 0.142 0.15 0.185  0.16 0.157 0.198 0.141 0.211 
Rb  0 0 0.0408 0 0 0  0.0137 0 0 0 0.0293 
Sr  0.1549 0.0186 0.00264 0.0052 0.0075 0.0316  6.42 6.31 6.62 6.23 6.31 
Y   20.21 19.49 18.55 19.07 19.58 19.07  1.814 1.662 1.448 1.745 1.735 
Zr   0.447 0.547 0.428 0.62 0.722 0.459  7.04 6.79 6.36 6.62 6.08 
Nb   0 0 0.207 0 0 0  0.04 0 0 0.057 0.04 
Ba  0 0 0 0 0.0072 0  0.456 0.84 0.26 2.14 5.96 
La  0.127 0.081 0 0 0 0.072  3.82 3.79 3.46 3.68 3.9 
Ce  0 0.089 0.162 0.065 0.0296 0.096  7.47 7.37 7.37 7.38 8 
Pr  0.207 0 0.028 0 0.316 0.143  12.12 11.44 11.31 11.98 12.85 
Nd  0.334 0.564 0.378 0.351 0.446 0.42  13.99 13.89 13.13 13.88 13.9 
Sm  3.5 4.29 3.78 3.16 3.9 3.65  14.31 14.23 13.71 14.39 13.23 
Eu  5.9 5.75 6.78 6.02 5.97 5.61  11.58 11.19 10.13 11.28 10.88 
Gd  10.32 10.02 9.74 10.68 9.87 10.44  8.71 8.75 8.08 9.47 8.98 
Tb  13.79 13.39 12.1 13.08 13.33 12.57  5.7 5.47 4.94 5.83 4.95 
Dy  18.52 16.65 17.1 17.58 17.49 17.03  3.68 3.5 3.07 3.76 3.5 
Ho  19.16 19.75 17.51 19.45 20.09 18.65  2.02 1.68 1.46 1.87 1.89 
Er  23.3 20.56 20.43 22.15 21.73 22.07  1.09 0.94 0.765 1.02 1.08 
Tm  24.82 22.15 21.21 22.18 23.26 22.65  0.72 0.67 0.65 0.71 0.54 
Yb  23.91 23.96 21.17 21.43 23.81 23.54  0.314 0.422 0.345 0.418 0.546 
Lu  25.17 23.86 22.61 23.6 25.14 26.92  1.79 0.11 0.313 0.247 0.35 
Hf  0.31 0.202 0.343 0.209 0.217 0.182  8.61 7.85 8.17 8.42 6.87 
Ta  0 0 0.4 0 0 0  0 0 0 0 0 
Pb  0.0663 0.0225 0.0328 0.028 0 0.0294  0.0772 0.226 0.0839 0.1437 0.1529 
Th  0 1.66 0.72 0 0 0  0.066 0 0.122 0 0 







428 Table D.4 (continued) 
 
  
Trace Element Concentrations MDL filtered.                   RDK2 
  GT              CPX         
Element  022cpx13 025cpx23 026gt11 027gt12 028gt13 029gt21 030gt22  019N612 020cpx11 021cpx12 023cpx21 024cpx22 
Li  0.156 0.227 0.207 0.226 0.169 <0.062 0.271  2.323 2.9 2.75 1.565 2.4 
Si   213677.69 210754.69 215088.56 226687.67 210509.73 214891.63 236002.73  254184.72 260378.22 267869.56 247992.38 263117.84 
Si   207629.11 208776.25 211422.94 225873.7 208021.75 216633.05 225256.33  242235.86 255695.19 259171.52 243112.31 259038.52 
Ca   6.45 6.45 6.45 6.45 6.45 6.45 6.45  20.67 20.67 20.67 20.67 20.67 
Ca   46713.32 46824.89 47165.88 46294.15 46408.1 45578.11 47100.94  146680.16 147420.86 147512.94 149509.55 147407.52 
Sc   66.73 67.01 70.25 66.72 68.29 65.62 64.61  26.71 25.59 24.83 26.33 25.37 
Ti  192.29 237.88 245.24 218.56 291.19 267.54 299.57  702.53 571.61 625.93 767.42 656.32 
V  60.77 90.71 99.73 94.68 121.55 114.56 101.79  306.32 325.87 336.59 313.61 338.75 
Cr  909.87 810.39 834.43 868.89 761.6 841.09 959.9  803.99 641.93 986.34 859.09 968.5 
Mn  2094.12 2011.68 2069.85 2355.8 2010.94 2188.68 2500.39  162.22 179.39 198.15 169.26 196.16 
Co  74.17 75.01 76.56 89.89 76.56 83.5 91.22  27.65 32.25 33.92 28.04 35 
Ni  8.15 8.47 9.73 9.33 9.12 9.84 9.88  182.74 221.04 234.59 182.92 214.48 
Zn  37.54 34.32 35.88 40.79 34.62 39 47.51  26.9 32.98 37.3 26.27 35.69 
Rb  <0.026 <0.029 <0.022 <0.021 <0.028 <0.088 <0.022  <0.0180 <0.0175 0.0164 <0.037 2.25 
Sr  0.134 0.078 0.073 0.083 0.112 0.061 0.593  316.72 278.8 292.15 353.58 289.48 
Y   14.86 14.67 14.61 14.32 14.63 14.13 13.73  0.794 0.67 0.731 0.954 0.811 
Zr   1.91 2.38 2.21 1.9 2.59 2.34 1.87  9.4 8.46 8.35 10.56 8.42 
Nb   <0.0059 <0.0110 <0.0123 <0.0079 <0.00 <0.052 0.114  <0.0264 0.0115 <0.0039 <0.048 0.0042 
Ba  <0.041 <0.054 <0.060 <0.0274 <0.047 <0.042 <0.040  0.027 <0.035 <0.033 <0.038 <0.028 
La  0.0026 <0.0055 0.0021 <0.0039 <0.0048 <0.0060 <0.0056  1.303 0.548 0.85 1.502 0.87 
Ce  <0.0071 0.0111 0.0148 0.0273 0.0161 <0.0266 0.0334  4.45 2.382 3.15 5.06 3.92 
Pr  0.0117 0.0068 <0.0079 0.0108 <0.0047 0.0084 0.0081  0.893 0.568 0.69 0.996 0.799 
Nd  0.229 <0.112 0.347 0.243 <0.145 0.348 0.303  6.39 5.09 5.27 7.25 5.6 
Sm  0.735 0.88 0.725 0.744 0.73 0.669 0.727  2.21 1.56 1.85 2.39 2.21 
Eu  0.666 0.653 0.612 0.685 0.689 0.78 0.781  0.779 0.696 0.787 0.896 0.752 
Gd  1.99 2.46 2.38 2.22 2.26 2.22 2.52  1.27 1.33 1.5 1.47 1.28 
Tb  0.423 0.425 0.36 0.402 0.439 0.46 0.405  0.107 0.0829 0.109 0.103 0.101 
Dy  3.05 3.03 3.09 2.67 3.3 2.9 3.04  0.308 0.305 0.367 0.352 0.418 
Ho  0.625 0.54 0.558 0.567 0.596 0.496 0.528  0.0448 0.0348 0.0353 0.0407 0.0367 
Er  1.48 1.56 1.533 1.392 1.52 1.512 1.384  0.053 0.061 0.036 0.045 0.0216 
Tm  0.197 0.207 0.212 0.177 0.214 0.172 0.158  0.0033 0.006 0.0036 0.0025 <0.0035 
Yb  1.14 1.26 1.23 1.215 1.1 1.25 1.058  <0.0170 0.0086 <0.0125 0.024 0.0093 
Lu  0.182 0.171 0.192 0.187 0.173 0.215 0.161  <0.0030 <0.0035 <0.0027 <0.0043 <0.0028 
Hf  <0.018 0.028 0.041 0.038 0.073 <0.040 0.033  0.687 0.699 0.596 0.826 0.645 
Ta  <0.0051 <0.0104 <0.0064 <0.0058 <0.0041 0.0016 <0.0048  <0.0026 <0.0043 <0.0048 <0.0038 <0.00244 
Pb  0.1 0.102 0.08 0.093 0.067 0.149 0.08  0.459 0.368 0.482 0.588 0.563 
Th  <0.0054 <0.0070 <0.0055 <0.0050 <0.0079 <0.0044 0.0038  0.0597 0.0368 0.0434 0.0795 0.0662 







429 Table D.4 (continued) 
 
  
1 sigma error.                       RDK2 
  GT              CPX         
Element  022cpx13 025cpx23 026gt11 027gt12 028gt13 029gt21 030gt22  019N612 020cpx11 021cpx12 023cpx21 024cpx22 
Li  0.028 0.03 0.027 0.025 0.028 0.029 0.03  0.092 0.11 0.11 0.079 0.096 
Si   10906.49 10809.87 11044.66 11647.5 10878.88 11101.59 12253.29  12824.9 13154.35 13548.71 12588.28 13377.45 
Si   10305.28 10404.05 10542.93 11263.79 10431.6 10850.81 11334.5  11881.07 12557.11 12741.33 11991.05 12793.14 
Ca   0.21 0.21 0.21 0.21 0.21 0.21 0.21  0.66 0.66 0.66 0.66 0.66 
Ca   1500.01 1501.91 1509.12 1474.96 1492.79 1455 1513.71  4616.15 4639.97 4640.2 4708.21 4639.62 
Sc   2.31 2.33 2.43 2.3 2.4 2.28 2.28  0.92 0.88 0.85 0.91 0.87 
Ti  21.02 28.18 30.02 27.7 38.35 36.53 42.55  72.93 59.79 66.32 84.95 74.75 
V  2.04 3.02 3.3 3.12 4.06 3.79 3.41  9.85 10.49 10.83 10.12 10.93 
Cr  31.61 28.44 29.36 30.62 27.22 30.05 34.72  27.3 21.84 33.58 29.45 33.31 
Mn  68.91 66.32 68.16 77.37 66.73 72.23 83.16  5.25 5.81 6.41 5.5 6.37 
Co  2.63 2.66 2.7 3.14 2.73 2.93 3.24  0.97 1.13 1.18 0.99 1.22 
Ni  0.58 0.6 0.65 0.61 0.67 0.67 0.73  8.44 10.24 10.93 8.8 10.43 
Zn  1.74 1.6 1.63 1.77 1.65 1.73 2.15  1.17 1.41 1.56 1.17 1.51 
Rb  0.013 0.014 0.012 0.011 0.015 0.032 0.012  0.0089 0.008 0.0072 0.014 0.093 
Sr  0.021 0.015 0.014 0.013 0.019 0.011 0.045  9.91 8.73 9.14 11.07 9.07 
Y   0.54 0.54 0.53 0.52 0.55 0.52 0.52  0.044 0.039 0.039 0.052 0.044 
Zr   0.13 0.15 0.14 0.12 0.17 0.14 0.13  0.39 0.36 0.35 0.45 0.36 
Nb   0.0041 0.0034 0.0065 0.0041 <0.00 0.017 0.021  0.0089 0.0047 0.003 0.016 0.0034 
Ba  0.033 0.024 0.018 0.0084 0.015 0.018 0.034  0.016 0.011 0.02 0.019 0.018 
La  0.0026 0.003 0.0021 0.0012 0.0041 0.0032 0.004  0.06 0.033 0.042 0.069 0.046 
Ce  0.0054 0.0053 0.0052 0.0063 0.0069 0.0088 0.0087  0.15 0.09 0.11 0.18 0.14 
Pr  0.0053 0.0034 0.0044 0.0038 0.003 0.0038 0.0041  0.041 0.03 0.033 0.046 0.038 
Nd  0.052 0.064 0.058 0.046 0.078 0.053 0.06  0.28 0.24 0.24 0.32 0.26 
Sm  0.1 0.1 0.09 0.081 0.1 0.08 0.098  0.14 0.11 0.12 0.15 0.13 
Eu  0.051 0.049 0.044 0.043 0.052 0.049 0.056  0.043 0.04 0.041 0.049 0.041 
Gd  0.18 0.2 0.18 0.16 0.2 0.17 0.21  0.1 0.11 0.11 0.12 0.1 
Tb  0.031 0.03 0.026 0.025 0.032 0.028 0.03  0.011 0.0092 0.01 0.011 0.01 
Dy  0.18 0.18 0.17 0.14 0.19 0.16 0.18  0.036 0.037 0.037 0.042 0.042 
Ho  0.04 0.035 0.035 0.032 0.039 0.034 0.036  0.0069 0.006 0.0057 0.0069 0.0061 
Er  0.1 0.1 0.099 0.085 0.11 0.093 0.1  0.013 0.013 0.01 0.013 0.0092 
Tm  0.02 0.02 0.019 0.016 0.021 0.016 0.018  0.0023 0.0026 0.0022 0.0019 0.0017 
Yb  0.1 0.11 0.1 0.089 0.1 0.095 0.099  0.0099 0.0061 0.0082 0.011 0.0076 
Lu  0.019 0.018 0.018 0.016 0.019 0.018 0.018  0.0016 0.0024 0.0016 0.0022 0.002 
Hf  0.014 0.013 0.015 0.013 0.021 0.019 0.015  0.049 0.05 0.043 0.057 0.047 
Ta  0.0035 0.0032 0.0032 0.0027 0.0035 0.0016 0.0026  0.0021 0.0013 0.0018 0.0017 0.00075 
Pb  0.023 0.023 0.019 0.018 0.021 0.022 0.02  0.035 0.031 0.034 0.043 0.039 
Th  0.0037 0.0033 0.0023 0.0026 0.0037 0.003 0.0027  0.0081 0.0064 0.0063 0.0097 0.0082 







430 Table D.4 (continued) 
 
  
Trace element concentrations normalised to chondrite.                 RDK2 
  GT              CPX         
Element  022cpx13 025cpx23 026gt11 027gt12 028gt13 029gt21 030gt22  019N612 020cpx11 021cpx12 023cpx21 024cpx22 
Li  0.065 0.095 0.086 0.094 0.071 0 0.113  0.968 1.207 1.147 0.652 1 
Si   1.335 1.317 1.344 1.417 1.316 1.343 1.475  1.589 1.627 1.674 1.55 1.644 
Si   1.298 1.305 1.321 1.412 1.3 1.354 1.408  1.514 1.598 1.62 1.519 1.619 
Ca   3.41 3.41 3.41 3.41 3.41 3.41 3.41  10.94 10.94 10.94 10.94 10.94 
Ca   3.46 3.47 3.49 3.43 3.44 3.38 3.49  10.87 10.92 10.93 11.07 10.92 
Sc   7.72 7.76 8.13 7.72 7.9 7.59 7.48  3.09 2.96 2.874 3.05 2.94 
Ti  0.294 0.364 0.375 0.334 0.445 0.409 0.458  1.07 0.874 0.96 1.17 1 
V  0.715 1.067 1.173 1.114 1.43 1.348 1.197  3.6 3.83 3.96 3.69 3.99 
Cr  0.2289 0.2039 0.2099 0.2186 0.1916 0.2116 0.2415  0.2023 0.1615 0.2481 0.2161 0.2436 
Mn  0.712 0.684 0.704 0.801 0.684 0.744 0.85  0.0552 0.061 0.0674 0.0576 0.0667 
Co  0.0971 0.0982 0.1002 0.1177 0.1002 0.1093 0.1194  0.0362 0.0422 0.0444 0.0367 0.0458 
Ni  0.00049 0.00051 0.00059 0.00057 0.00055 0.0006 0.0006  0.01108 0.0134 0.01422 0.01109 0.013 
Zn  0.0812 0.0743 0.0777 0.0883 0.0749 0.0844 0.1028  0.0582 0.0714 0.0807 0.0569 0.0773 
Rb  0 0 0 0 0 0 0  0 0 0.0048 0 0.652 
Sr  0.0112 0.0065 0.0061 0.007 0.0094 0.00511 0.0499  26.62 23.43 24.55 29.71 24.33 
Y   6.61 6.52 6.49 6.37 6.5 6.28 6.1  0.353 0.298 0.325 0.424 0.36 
Zr   0.345 0.429 0.399 0.344 0.468 0.423 0.337  1.697 1.527 1.507 1.905 1.519 
Nb   0 0 0 0 0 0 0.304  0 0.031 0 0 0.0111 
Ba  0 0 0 0 0 0 0  0.0079 0 0 0 0 
La  0.0071 0 0.0059 0 0 0 0  3.55 1.494 2.32 4.09 2.37 
Ce  0 0.0116 0.0154 0.0285 0.0168 0 0.0349  4.65 2.489 3.29 5.29 4.1 
Pr  0.085 0.049 0 0.079 0 0.061 0.059  6.52 4.15 5.04 7.27 5.83 
Nd  0.322 0 0.488 0.342 0 0.489 0.427  8.99 7.16 7.41 10.19 7.87 
Sm  3.18 3.79 3.14 3.22 3.16 2.9 3.15  9.56 6.74 8.01 10.34 9.57 
Eu  7.66 7.51 7.03 7.87 7.92 8.97 8.97  8.96 7.99 9.04 10.3 8.65 
Gd  6.51 8.03 7.77 7.27 7.38 7.24 8.23  4.16 4.36 4.89 4.8 4.19 
Tb  7.3 7.32 6.22 6.93 7.58 7.93 6.99  1.84 1.43 1.87 1.77 1.73 
Dy  8 7.94 8.11 7.02 8.65 7.61 7.97  0.807 0.801 0.962 0.92 1.1 
Ho  7.35 6.35 6.56 6.67 7 5.82 6.21  0.526 0.409 0.415 0.478 0.431 
Er  5.95 6.28 6.16 5.59 6.09 6.07 5.56  0.212 0.245 0.143 0.179 0.087 
Tm  5.52 5.82 5.96 4.97 6 4.83 4.44  0.093 0.17 0.102 0.069 0 
Yb  4.6 5.06 4.97 4.9 4.43 5.04 4.27  0 0.035 0 0.095 0.038 
Lu  4.78 4.48 5.03 4.9 4.53 5.64 4.21  0 0 0 0 0 
Hf  0 0.156 0.227 0.212 0.41 0 0.187  3.84 3.91 3.33 4.61 3.6 
Ta  0 0 0 0 0 0.06 0  0 0 0 0 0 
Pb  0.0275 0.0281 0.0219 0.0254 0.0183 0.0409 0.022  0.1257 0.1008 0.132 0.161 0.154 
Th  0 0 0 0 0 0 0.089  1.41 0.87 1.02 1.87 1.56 







431 Table D.4 (continued) 
 
  
Trace Element Concentrations MDL filtered.                     20093 
  GT            CPX             
Element  020gt11 021gt12 022gt21 023gt22 030gt31 031gt32  032cpx11 033cpx12 034cpx13 035cpx2 036cpx31 037cpx32 038cpx33 
Li  0.229 0.288 0.284 0.296 0.352 0.338  3.31 3.06 3.62 3.58 3.34 3.63 3.73 
Si   217879.86 216353.03 216647.41 216049.41 192049.55 215358.73  241227.95 243100.67 286708.16 252366.5 238762.38 251690.69 264321 
Si   227540.78 216568.89 229801.67 217417.2 192418.33 217153.8  242370.28 244725.25 287712.06 254777.16 240405.97 253206.66 265554.06 
Ca   7.2 7.2 7.2 7.2 7.2 7.2  20.41 20.41 20.41 20.41 20.41 20.41 20.41 
Ca   55200.8 54548.11 55443.39 55212.95 55072.17 53942.18  145717.86 145783.33 145434.63 145652.89 144712 145260.97 145130.31 
Sc   48.92 48.27 48.88 51.63 42.73 39.63  21.69 21.05 19.83 23.96 21.86 22.33 21.36 
Ti  282.67 266.6 259.27 231.77 419.89 480.96  881.09 797.37 855.98 956.18 1004.83 1106.07 1009.69 
V  155.06 155.2 148.05 103.16 136.62 135.91  355.18 362.66 426.75 404.4 357.18 366.43 401.16 
Cr  531.94 564.56 459.46 487.32 939.92 1068.62  995.31 873.76 1182.11 540.68 458.39 474.88 543.27 
Mn  2033.29 2087.67 2029.93 2143.38 1912.02 2254.09  141.49 182.02 178.37 165.07 147.5 142.66 167.19 
Co  76.29 77.54 73.29 75.19 73.42 89.2  27.56 27.33 38.66 27.16 27.52 29.09 34 
Ni  12.11 12.9 10.58 9.96 15.57 20.18  377.62 375.35 478.82 309.67 389.75 409.4 461.55 
Zn  35.06 33.58 34.85 35.32 36.48 52.45  27.61 29.92 43.05 27.67 26.6 26.99 36.25 
Rb  <0.040 <0.032 <0.052 <0.033 <0.028 <0.0174  0.071 <0.024 0.292 <0.025 <0.021 <0.025 0.031 
Sr  0.162 0.094 0.082 0.057 0.228 0.269  271.96 276.49 242.76 465.4 252.71 245.81 244.32 
Y   15 14.57 14.82 16.36 14.22 13.44  0.677 0.891 0.656 1.287 0.823 0.676 0.724 
Zr   2.51 2.04 2.63 1.94 4.43 5.67  9.35 8.86 8.74 13.17 10.57 11.3 10.7 
Nb   <0.0122 0.005 <0.0205 <0.0147 <0.0103 <0.0039  0.0047 0.02 0.0154 0.0098 <0.0079 0.0093 <0.0060 
Ba  <0.045 <0.037 0.72 <0.077 0.16 <0.035  0.529 0.781 2.9 16.95 <0.058 0.077 0.21 
La  <0.0089 <0.0052 <0.0149 0.0065 <0.0061 0.0035  1.08 1.263 0.762 1.618 1.168 0.841 1.179 
Ce  0.246 0.0104 0.206 0.0382 0.0246 0.0223  3.75 4.51 3.45 5.61 4.07 3.65 4.41 
Pr  <0.0091 0.0213 0.0122 0.0105 0.0217 0.0365  0.848 1.008 0.866 1.193 0.948 0.884 0.932 
Nd  0.528 0.556 0.651 0.581 0.973 0.971  8.07 8.76 7.4 9.21 8.93 8.6 8.17 
Sm  1.48 1.57 1.36 1.76 1.71 1.5  3.32 3.46 3.21 3.52 3.39 3.66 3.52 
Eu  1.13 1.141 1.119 1.039 1.072 1.016  1.085 0.996 1.02 1.14 1.072 1.106 1.058 
Gd  3.52 3.41 3.7 3.5 3.06 3.15  1.58 1.74 1.55 2.25 1.82 1.81 1.65 
Tb  0.502 0.483 0.521 0.589 0.497 0.455  0.118 0.12 0.103 0.14 0.112 0.115 0.099 
Dy  3.52 3.24 3.19 3.52 3.28 2.78  0.386 0.367 0.39 0.46 0.363 0.369 0.318 
Ho  0.569 0.585 0.564 0.636 0.609 0.543  0.0309 0.0447 0.036 0.0588 0.0334 0.0273 0.0414 
Er  1.549 1.442 1.485 1.422 1.362 1.462  0.057 0.072 0.034 0.075 0.045 0.043 0.049 
Tm  0.174 0.163 0.154 0.212 0.184 0.189  0.0054 <0.0036 <0.0032 0.0056 <0.0033 0.0047 0.0018 
Yb  1.277 1.19 1.16 1.082 1.28 1.32  <0.0174 0.04 0.024 <0.022 0.024 <0.0147 0.021 
Lu  0.187 0.141 0.159 0.183 0.168 0.296  <0.0043 0.0021 0.0036 <0.0083 0.0029 <0.0032 0.0052 
Hf  0.038 0.039 0.04 <0.018 0.049 0.12  0.673 0.603 0.581 0.783 0.89 0.818 0.821 
Ta  <0.0089 0.003 <0.0106 <0.0072 0.0125 <0.0053  <0.0037 <0.0042 0.0031 <0.0047 0.0038 0.074 <0.0045 
Pb  0.292 0.104 0.412 0.093 0.601 0.205  0.764 0.785 1.085 0.989 0.621 0.676 0.886 
Th  <0.0080 <0.0054 0.0088 <0.0064 <0.0045 <0.0037  0.09 0.0637 0.0461 0.0694 0.081 0.087 0.0836 







432 Table D.4 (continued) 
 
  
1 sigma error.                         20093 
  GT            CPX             
Element  020gt11 021gt12 022gt21 023gt22 030gt31 031gt32  032cpx11 033cpx12 034cpx13 035cpx2 036cpx31 037cpx32 038cpx33 
Li  0.038 0.033 0.042 0.036 0.03 0.025  0.12 0.12 0.13 0.13 0.12 0.14 0.13 
Si   11576 11492.42 11530.58 11495.57 10223.6 11455.62  12815.56 12920.7 15244.86 13424.96 12704.91 13400.32 14074.96 
Si   12000.57 11422.85 12149.82 11496.83 10230.62 11547.71  12886.35 13031.96 15345.62 13612.51 12865.36 13576.84 14261.56 
Ca   0.23 0.23 0.24 0.24 0.23 0.23  0.65 0.65 0.65 0.65 0.65 0.65 0.65 
Ca   1805.02 1781.82 1820.44 1811.21 1814.77 1775.61  4785.58 4799.96 4801.19 4822.21 4803.24 4837.92 4845.39 
Sc   1.76 1.73 1.77 1.87 1.58 1.47  0.82 0.81 0.77 0.93 0.85 0.88 0.85 
Ti  16.68 15.8 15.61 14.09 28.31 33.04  61.81 57.3 62.99 72.08 77.58 87.52 81.85 
V  5.43 5.43 5.22 3.65 4.92 4.91  12.83 13.19 15.63 14.92 13.28 13.74 15.15 
Cr  20.05 21.29 17.46 18.55 37.29 42.69  40.06 35.55 48.61 22.51 19.31 20.26 23.45 
Mn  69.59 71.43 69.83 73.75 67.01 79.16  5 6.46 6.37 5.93 5.33 5.2 6.12 
Co  2.71 2.75 2.63 2.69 2.62 3.17  1 1 1.4 1 1.01 1.07 1.25 
Ni  0.66 0.67 0.63 0.59 0.76 0.9  14.83 14.8 18.93 12.36 15.57 16.45 18.59 
Zn  1.7 1.62 1.74 1.74 1.77 2.44  1.39 1.5 2.11 1.43 1.38 1.42 1.84 
Rb  0.018 0.014 0.022 0.017 0.014 0.0074  0.015 0.013 0.029 0.013 0.011 0.012 0.012 
Sr  0.023 0.015 0.016 0.014 0.021 0.02  8.75 8.92 7.85 15.06 8.21 8.01 7.97 
Y   0.55 0.53 0.55 0.6 0.53 0.5  0.041 0.05 0.041 0.067 0.047 0.043 0.042 
Zr   0.14 0.11 0.15 0.12 0.2 0.23  0.38 0.36 0.36 0.53 0.43 0.46 0.44 
Nb   0.0046 0.0035 0.0078 0.0062 0.0038 0.0029  0.0037 0.0071 0.006 0.0063 0.0041 0.0062 0.0035 
Ba  0.02 0.026 0.11 0.032 0.042 0.017  0.076 0.095 0.2 0.7 0.027 0.035 0.046 
La  0.0039 0.0024 0.0057 0.0038 0.0032 0.0023  0.054 0.061 0.043 0.076 0.058 0.047 0.057 
Ce  0.023 0.0052 0.023 0.0095 0.0063 0.0052  0.16 0.19 0.15 0.24 0.18 0.17 0.2 
Pr  0.0051 0.0056 0.0062 0.0061 0.0051 0.0057  0.042 0.048 0.043 0.056 0.046 0.045 0.045 
Nd  0.07 0.07 0.085 0.078 0.088 0.078  0.39 0.42 0.37 0.45 0.43 0.43 0.4 
Sm  0.13 0.13 0.14 0.15 0.13 0.11  0.2 0.2 0.2 0.21 0.2 0.22 0.2 
Eu  0.066 0.064 0.069 0.064 0.059 0.052  0.059 0.056 0.057 0.063 0.059 0.062 0.057 
Gd  0.22 0.21 0.24 0.22 0.18 0.17  0.12 0.13 0.12 0.15 0.13 0.13 0.12 
Tb  0.032 0.03 0.035 0.036 0.029 0.025  0.012 0.012 0.011 0.013 0.011 0.012 0.01 
Dy  0.18 0.17 0.18 0.19 0.16 0.13  0.043 0.042 0.043 0.048 0.041 0.043 0.037 
Ho  0.035 0.034 0.037 0.038 0.034 0.028  0.0062 0.0072 0.0066 0.0086 0.0062 0.0057 0.0064 
Er  0.094 0.087 0.098 0.092 0.079 0.075  0.014 0.015 0.012 0.016 0.012 0.013 0.012 
Tm  0.017 0.015 0.017 0.019 0.015 0.014  0.0026 0.0023 0.0023 0.0028 0.0017 0.0025 0.0012 
Yb  0.099 0.091 0.1 0.093 0.088 0.08  0.0071 0.015 0.012 0.014 0.012 0.0067 0.01 
Lu  0.017 0.014 0.017 0.018 0.014 0.018  0.0022 0.0015 0.0022 0.0037 0.0017 0.0021 0.0022 
Hf  0.015 0.012 0.014 0.012 0.016 0.018  0.051 0.048 0.047 0.057 0.059 0.058 0.054 
Ta  0.0032 0.0021 0.0038 0.0034 0.0043 0.0021  0.0027 0.0022 0.0023 0.0019 0.0025 0.01 0.0017 
Pb  0.035 0.02 0.045 0.021 0.048 0.022  0.057 0.059 0.077 0.073 0.051 0.056 0.066 
Th  0.0032 0.0021 0.0039 0.0034 0.0018 0.0011  0.01 0.0089 0.0074 0.0095 0.01 0.011 0.0096 







433 Table D.4 (continued) 
 
  
Trace element concentrations normalised to chondrite.                   20093 
  GT            CPX             
Element  020gt11 021gt12 022gt21 023gt22 030gt31 031gt32  032cpx11 033cpx12 034cpx13 035cpx2 036cpx31 037cpx32 038cpx33 
Li  0.095 0.12 0.118 0.123 0.147 0.141  1.381 1.275 1.508 1.493 1.391 1.514 1.553 
Si   1.362 1.352 1.354 1.35 1.2 1.346  1.508 1.519 1.792 1.577 1.492 1.573 1.652 
Si   1.422 1.354 1.436 1.359 1.203 1.357  1.515 1.53 1.798 1.592 1.503 1.583 1.66 
Ca   3.81 3.81 3.81 3.81 3.81 3.81  10.8 10.8 10.8 10.8 10.8 10.8 10.8 
Ca   4.09 4.04 4.11 4.09 4.08 4  10.79 10.8 10.77 10.79 10.72 10.76 10.75 
Sc   5.66 5.59 5.66 5.98 4.95 4.59  2.51 2.437 2.295 2.77 2.53 2.58 2.472 
Ti  0.432 0.408 0.396 0.354 0.642 0.735  1.347 1.219 1.309 1.46 1.54 1.69 1.54 
V  1.824 1.826 1.742 1.214 1.607 1.599  4.18 4.27 5.02 4.76 4.2 4.31 4.72 
Cr  0.1338 0.142 0.1156 0.1226 0.2365 0.269  0.25 0.2198 0.297 0.136 0.1153 0.1195 0.1367 
Mn  0.692 0.71 0.69 0.729 0.65 0.767  0.0481 0.0619 0.0607 0.0561 0.0502 0.0485 0.0569 
Co  0.0999 0.1015 0.0959 0.0984 0.0961 0.1168  0.0361 0.0358 0.0506 0.0356 0.036 0.0381 0.0445 
Ni  0.00073 0.00078 0.00064 0.0006 0.00094 0.00122  0.02289 0.02275 0.029 0.01877 0.02362 0.02481 0.028 
Zn  0.0759 0.0727 0.0754 0.0765 0.079 0.1135  0.0598 0.0648 0.0932 0.0599 0.0576 0.0584 0.0785 
Rb  0 0 0 0 0 0  0.0205 0 0.0848 0 0 0 0.0089 
Sr  0.0136 0.0079 0.0069 0.0048 0.0192 0.0226  22.85 23.23 20.4 39.11 21.24 20.66 20.53 
Y   6.67 6.47 6.59 7.27 6.32 5.97  0.301 0.396 0.291 0.572 0.366 0.301 0.322 
Zr   0.454 0.369 0.474 0.349 0.799 1.023  1.688 1.6 1.578 2.378 1.909 2.04 1.931 
Nb   0 0.0134 0 0 0 0  0.0124 0.053 0.041 0.026 0 0.025 0 
Ba  0 0 0.21 0 0.047 0  0.155 0.229 0.851 4.97 0 0.023 0.062 
La  0 0 0 0.018 0 0.0095  2.94 3.44 2.08 4.41 3.18 2.29 3.21 
Ce  0.257 0.0109 0.215 0.0399 0.0257 0.0233  3.92 4.71 3.61 5.86 4.26 3.82 4.61 
Pr  0 0.155 0.089 0.076 0.158 0.267  6.19 7.35 6.32 8.71 6.92 6.45 6.8 
Nd  0.743 0.782 0.92 0.82 1.37 1.37  11.34 12.33 10.41 12.95 12.56 12.09 11.49 
Sm  6.39 6.78 5.89 7.62 7.4 6.48  14.38 14.96 13.88 15.26 14.67 15.86 15.25 
Eu  12.99 13.12 12.87 11.94 12.32 11.68  12.47 11.45 11.72 13.1 12.32 12.72 12.16 
Gd  11.5 11.15 12.08 11.44 10.01 10.3  5.18 5.69 5.06 7.37 5.96 5.92 5.41 
Tb  8.66 8.33 8.99 10.15 8.57 7.84  2.04 2.08 1.77 2.41 1.92 1.98 1.71 
Dy  9.23 8.51 8.37 9.24 8.6 7.3  1.01 0.96 1.02 1.21 0.95 0.97 0.834 
Ho  6.69 6.88 6.63 7.47 7.16 6.38  0.363 0.526 0.423 0.69 0.392 0.321 0.486 
Er  6.22 5.79 5.96 5.71 5.47 5.87  0.23 0.291 0.138 0.302 0.18 0.171 0.198 
Tm  4.88 4.59 4.32 5.96 5.18 5.32  0.151 0 0 0.157 0 0.131 0.049 
Yb  5.15 4.8 4.66 4.36 5.16 5.32  0 0.162 0.096 0 0.096 0 0.085 
Lu  4.91 3.69 4.17 4.81 4.41 7.76  0 0.054 0.095 0 0.077 0 0.138 
Hf  0.212 0.215 0.224 0 0.277 0.669  3.76 3.37 3.24 4.38 4.97 4.57 4.59 
Ta  0 0.115 0 0 0.48 0  0 0 0.118 0 0.148 2.86 0 
Pb  0.0799 0.0286 0.113 0.0254 0.165 0.0562  0.209 0.215 0.297 0.271 0.17 0.185 0.243 
Th  0 0 0.206 0 0 0  2.11 1.5 1.08 1.63 1.91 2.04 1.97 







434 Table D.4 (continued) 
 
  
Trace Element Concentrations MDL filtered.                     20113 
  GT              CPX           
Element  003gt11 004gt12 005gt13 006gt21 007gt22 008gt23 009cpx11  010cpx12 011cpx13 012cpx21 013cpx22 014cpx23 015bcr 
Li  0.355 0.183 0.238 0.266 0.255 0.243 0.274  5.29 6.59 5.78 5.42 6.64 5.93 
Si   185404.81 190958.25 199773.56 183155.8 186896.94 196220.58 215837.23  235707.39 240782.16 258308.14 238948.66 252627.03 240451.67 
Si   181079.45 186935.09 196966.41 178517.02 185466.42 188750.33 213078.19  232855.28 239081.39 255922.42 235986.41 246713.13 240528.7 
Ca   11.04 11.04 11.04 11.04 11.04 11.04 11.04  16.63 16.63 16.63 16.63 16.63 16.63 
Ca   78509.79 79034.91 77437.58 78721.67 78064.38 77473.95 78097.3  117958.68 117961.62 118099.92 118276.9 117339.84 118287.84 
Sc   67.26 66.38 62.87 63.73 66.96 65.07 63.66  26.9 27.52 26.78 27.21 26.67 27.54 
Ti  293.6 319.67 324.61 331.11 320.71 372.25 372.56  1038.41 1272.59 1155.52 1130.18 1053.77 1127.59 
V  101.19 95.56 126.8 115.72 114.76 133.4 157.43  424.16 431.81 465.61 429.15 450.64 431.49 
Cr  438.72 500.73 497.11 582.31 589.55 487.91 378.78  513.59 529.11 574.89 478.03 531.24 524.7 
Mn  2268.55 2500.43 2509.49 2275.85 2327.31 2489.88 2848.2  155.45 160.63 168.94 166.19 171.38 153.86 
Co  53.27 59.46 63.09 53.46 55.2 59.28 75.75  23.82 23.8 26.23 24.77 27.02 23.46 
Ni  5.43 5.65 6.79 5.14 5.96 6.59 8.17  125.84 129.82 136.52 123.14 144.33 128.93 
Zn  27.56 33.05 39.4 29.63 30.68 39.37 50.52  27.86 25.79 33.7 29.51 34.08 28.37 
Rb  0.329 <0.0177 0.036 0.112 <0.0179 <0.021 <0.090  <0.0253 <0.038 <0.0185 <0.0193 <0.0173 <0.0188 
Sr  0.428 0.342 0.302 0.371 0.498 0.307 0.352  176.04 167.95 175.35 180.57 173.64 177.16 
Y   23.28 22.56 19.57 22.38 21.95 20.47 18.18  0.576 0.509 0.585 0.621 0.553 0.583 
Zr   3.73 3.8 3.45 3.26 4.2 3.44 3.23  12.21 16.43 12.96 12.13 11.86 13.28 
Nb   0.142 <0.0070 0.0071 <0.0066 <0.0095 0.0074 0.055  0.0095 0.0067 0.0111 0.0116 0.0257 0.0101 
Ba  <0.037 0.078 <0.037 <0.050 <0.033 <0.060 <0.043  <0.051 <0.032 <0.028 <0.037 <0.039 0.041 
La  <0.0051 <0.0043 <0.00 <0.0040 0.0046 <0.0047 0.0087  0.18 0.125 0.234 0.196 0.124 0.211 
Ce  0.0128 0.0384 0.0044 0.0204 0.0053 0.152 0.0069  0.817 0.471 1.208 0.995 0.566 0.889 
Pr  <0.0042 0.0111 <0.0052 0.0067 <0.0051 0.0079 0.0311  0.153 0.0758 0.21 0.201 0.113 0.175 
Nd  0.192 0.3 0.158 0.194 0.194 0.158 0.604  0.883 0.735 1.198 1.194 0.745 0.983 
Sm  1.114 1.107 1.019 1.052 1.41 1.016 0.92  0.561 0.708 0.592 0.683 0.522 0.556 
Eu  1.118 1.054 1.019 0.974 1.263 1.112 1.055  0.311 0.346 0.322 0.366 0.295 0.35 
Gd  3.66 3.68 3.64 3.85 3.75 3.78 3.34  0.661 0.629 0.691 0.757 0.701 0.649 
Tb  0.792 0.856 0.778 0.763 0.773 0.754 0.689  0.0621 0.0776 0.0595 0.0766 0.0661 0.0713 
Dy  5.4 5.39 4.96 5.22 5.09 4.98 4.39  0.252 0.256 0.251 0.256 0.328 0.255 
Ho  0.942 0.904 0.802 0.862 0.916 0.793 0.716  0.03 0.02 0.0341 0.0255 0.0312 0.0291 
Er  2.27 2.06 1.678 1.941 2.007 1.863 1.672  0.0347 0.0273 0.043 0.0288 0.036 0.0252 
Tm  0.257 0.218 0.194 0.224 0.225 0.192 0.161  <0.0049 0.0041 <0.0032 0.0031 <0.00186 0.0046 
Yb  1.582 1.391 1.38 1.402 1.33 1.347 1.146  <0.0162 0.0159 <0.0123 0.021 <0.0086 0.0238 
Lu  0.219 0.196 0.192 0.195 0.194 0.2 0.168  0.0047 <0.0022 <0.0026 <0.0029 <0.0032 0.0037 
Hf  0.031 0.034 0.043 0.053 0.056 0.053 0.0324  0.654 0.722 0.693 0.626 0.642 0.728 
Ta  0.0041 <0.0037 0.0088 <0.0034 0.0047 <0.0080 <0.0041  <0.0059 <0.0037 <0.0039 <0.0024 <0.0038 <0.0043 
Pb  0.093 0.097 0.07 0.195 0.152 0.145 0.094  0.145 0.547 0.186 0.2 0.2 0.162 
Th  <0.0033 0.0054 0.0039 <0.0031 0.003 <0.0063 0.0028  0.216 0.0074 0.0064 0.02 <0.0069 0.0061 







435 Table D.4 (continued) 
 
  
1 sigma error.                         20113 
  GT              CPX           
Element  003gt11 004gt12 005gt13 006gt21 007gt22 008gt23 009cpx11  010cpx12 011cpx13 012cpx21 013cpx22 014cpx23 015bcr 
Li  0.028 0.023 0.024 0.025 0.026 0.025 0.024  0.19 0.24 0.21 0.21 0.25 0.23 
Si   9306.75 9631.51 10121.72 9327.42 9567.17 10096.92 11172.32  12261.21 12606.05 13613.35 12683.3 13506.41 12954.08 
Si   8764.6 9091.4 9620.03 8760.22 9142.45 9344.88 10601.28  11627.03 11998.23 12907.9 11966.79 12576.45 12328.97 
Ca   0.35 0.35 0.35 0.35 0.35 0.35 0.35  0.53 0.53 0.53 0.53 0.53 0.53 
Ca   2488.2 2508.07 2457.03 2499.67 2479.16 2459.24 2480.86  3736.35 3738.7 3744.29 3753.89 3725.88 3759.47 
Sc   2.14 2.12 2.01 2.04 2.15 2.09 2.05  0.87 0.89 0.87 0.89 0.87 0.9 
Ti  9.82 10.75 10.91 11.17 10.85 12.51 12.57  34.31 42.11 38.36 37.7 35.27 37.89 
V  3.45 3.28 4.37 4.02 4.02 4.71 5.62  15.25 15.73 17.21 16.13 17.22 16.78 
Cr  14.26 16.32 16.21 19.02 19.29 15.98 12.44  16.83 17.38 18.91 15.78 17.57 17.41 
Mn  72.3 79.81 80.12 72.74 74.42 79.6 91.15  4.98 5.15 5.42 5.34 5.51 4.95 
Co  1.79 2 2.13 1.81 1.87 2 2.56  0.82 0.82 0.9 0.86 0.93 0.81 
Ni  0.29 0.32 0.36 0.3 0.33 0.35 0.42  4.94 5.17 5.5 5.06 6.01 5.48 
Zn  1.26 1.52 1.81 1.42 1.5 1.91 2.49  1.44 1.38 1.82 1.67 1.98 1.72 
Rb  0.025 0.0095 0.011 0.017 0.0089 0.01 0.033  0.0089 0.014 0.0079 0.0089 0.0088 0.0097 
Sr  0.03 0.025 0.023 0.026 0.031 0.022 0.025  5.89 5.66 5.96 6.2 6.02 6.21 
Y   0.89 0.87 0.76 0.89 0.88 0.84 0.76  0.034 0.032 0.035 0.039 0.035 0.038 
Zr   0.16 0.17 0.15 0.15 0.18 0.15 0.15  0.46 0.62 0.5 0.47 0.47 0.53 
Nb   0.015 0.0045 0.0039 0.0027 0.0052 0.0043 0.01  0.0044 0.0039 0.0037 0.0048 0.0062 0.0042 
Ba  0.018 0.029 0.025 0.021 0.019 0.022 0.024  0.019 0.017 0.017 0.022 0.022 0.023 
La  0.0022 0.0019 <0.00 0.0022 0.0032 0.0027 0.0036  0.015 0.012 0.017 0.016 0.012 0.018 
Ce  0.0037 0.0069 0.0022 0.0051 0.0031 0.014 0.0034  0.038 0.026 0.052 0.046 0.03 0.043 
Pr  0.0025 0.0037 0.0031 0.0025 0.0025 0.0033 0.0056  0.012 0.0078 0.014 0.014 0.01 0.013 
Nd  0.032 0.043 0.03 0.036 0.034 0.031 0.06  0.068 0.062 0.083 0.087 0.063 0.078 
Sm  0.091 0.097 0.091 0.095 0.11 0.09 0.087  0.059 0.07 0.061 0.071 0.059 0.065 
Eu  0.053 0.053 0.051 0.051 0.061 0.054 0.053  0.022 0.024 0.022 0.025 0.022 0.025 
Gd  0.19 0.2 0.19 0.2 0.2 0.2 0.18  0.065 0.059 0.062 0.068 0.064 0.063 
Tb  0.036 0.039 0.036 0.036 0.037 0.035 0.033  0.0068 0.0077 0.0066 0.0079 0.0072 0.0078 
Dy  0.23 0.23 0.22 0.23 0.23 0.22 0.2  0.028 0.029 0.028 0.03 0.034 0.03 
Ho  0.042 0.042 0.038 0.041 0.043 0.038 0.035  0.0053 0.004 0.005 0.005 0.0051 0.005 
Er  0.1 0.1 0.086 0.097 0.098 0.09 0.085  0.0085 0.0086 0.0093 0.008 0.0091 0.009 
Tm  0.017 0.016 0.015 0.016 0.016 0.014 0.013  0.0022 0.0017 0.002 0.002 0.0009 0.0023 
Yb  0.091 0.089 0.087 0.09 0.087 0.083 0.077  0.0085 0.0071 0.0057 0.01 0.0042 0.009 
Lu  0.015 0.015 0.015 0.015 0.015 0.014 0.013  0.0018 0.0014 0.0014 0.0014 0.0018 0.0019 
Hf  0.01 0.011 0.012 0.014 0.013 0.013 0.0094  0.043 0.047 0.044 0.044 0.043 0.049 
Ta  0.0026 0.0022 0.0033 0.0019 0.0026 0.003 0.0016  0.0021 0.0014 0.0016 0.0014 0.0014 0.0016 
Pb  0.016 0.016 0.016 0.023 0.021 0.019 0.016  0.018 0.04 0.019 0.021 0.021 0.02 
Th  0.0018 0.0026 0.0019 0.0014 0.0017 0.0023 0.0016  0.014 0.0026 0.0026 0.0045 0.0027 0.0033 







436 Table D.4 (continued) 
 
  
Trace element concentrations normalised to chondrite.         20113 
  GT        CPX      
Element  003gt11 004gt12 005gt13 006gt21 007gt22 008gt23 009cpx11  010cpx12 011cpx13 012cpx21 013cpx22 014cpx23 015bcr 
Li  0.148 0.0762 0.0991 0.111 0.106 0.101 0.114  2.204 2.75 2.409 2.259 2.77 2.472 
Si   1.159 1.193 1.249 1.145 1.168 1.226 1.349  1.473 1.505 1.614 1.493 1.579 1.503 
Si   1.132 1.168 1.231 1.116 1.159 1.18 1.332  1.455 1.494 1.6 1.475 1.542 1.503 
Ca   5.84 5.84 5.84 5.84 5.84 5.84 5.84  8.81 8.81 8.81 8.81 8.81 8.81 
Ca   5.82 5.85 5.74 5.83 5.78 5.74 5.78  8.74 8.74 8.75 8.76 8.69 8.76 
Sc   7.78 7.68 7.28 7.38 7.75 7.53 7.37  3.11 3.19 3.1 3.15 3.09 3.19 
Ti  0.449 0.489 0.496 0.506 0.49 0.569 0.57  1.588 1.946 1.767 1.728 1.611 1.724 
V  1.19 1.124 1.492 1.361 1.35 1.569 1.852  4.99 5.08 5.48 5.05 5.3 5.08 
Cr  0.1104 0.126 0.1251 0.1465 0.1483 0.1227 0.0953  0.1292 0.1331 0.1446 0.1203 0.1336 0.132 
Mn  0.772 0.85 0.854 0.774 0.792 0.847 0.969  0.0529 0.0546 0.0575 0.0565 0.0583 0.0523 
Co  0.0697 0.0778 0.0826 0.07 0.0722 0.0776 0.0991  0.0312 0.0312 0.0343 0.0324 0.0354 0.0307 
Ni  0.00033 0.00034 0.00041 0.00031 0.00036 0.0004 0.00049  0.00763 0.00787 0.00827 0.00746 0.00875 0.00781 
Zn  0.0597 0.0715 0.0853 0.0641 0.0664 0.0852 0.1094  0.0603 0.0558 0.0729 0.0639 0.0738 0.0614 
Rb  0.0954 0 0.0105 0.0324 0 0 0  0 0 0 0 0 0 
Sr  0.036 0.0287 0.0254 0.0312 0.0418 0.0258 0.0296  14.79 14.11 14.74 15.17 14.59 14.89 
Y   10.35 10.03 8.7 9.95 9.76 9.1 8.08  0.256 0.226 0.26 0.276 0.246 0.259 
Zr   0.673 0.686 0.623 0.588 0.759 0.622 0.582  2.204 2.97 2.339 2.19 2.141 2.397 
Nb   0.378 0 0.019 0 0 0.02 0.146  0.025 0.018 0.0297 0.031 0.068 0.027 
Ba  0 0.0229 0 0 0 0 0  0 0 0 0 0 0.0119 
La  0 0 0 0 0.0125 0 0.0238  0.491 0.34 0.638 0.533 0.338 0.575 
Ce  0.0134 0.0402 0.0046 0.0214 0.0055 0.159 0.0072  0.854 0.493 1.263 1.039 0.591 0.928 
Pr  0 0.081 0 0.049 0 0.058 0.227  1.115 0.554 1.53 1.47 0.828 1.277 
Nd  0.27 0.422 0.223 0.273 0.273 0.223 0.849  1.242 1.034 1.68 1.68 1.048 1.38 
Sm  4.82 4.79 4.41 4.55 6.1 4.4 3.98  2.43 3.07 2.56 2.95 2.26 2.41 
Eu  12.85 12.12 11.71 11.19 14.51 12.78 12.13  3.58 3.97 3.7 4.2 3.4 4.02 
Gd  11.96 12.04 11.9 12.59 12.24 12.35 10.92  2.16 2.06 2.26 2.47 2.29 2.12 
Tb  13.66 14.75 13.42 13.15 13.32 12.99 11.87  1.07 1.34 1.03 1.32 1.14 1.23 
Dy  14.17 14.15 13.02 13.7 13.35 13.07 11.53  0.661 0.671 0.659 0.672 0.861 0.67 
Ho  11.07 10.62 9.42 10.12 10.76 9.32 8.41  0.353 0.235 0.401 0.299 0.367 0.342 
Er  9.12 8.26 6.74 7.8 8.06 7.48 6.72  0.139 0.11 0.173 0.115 0.145 0.101 
Tm  7.23 6.13 5.46 6.29 6.31 5.39 4.53  0 0.116 0 0.087 0 0.128 
Yb  6.38 5.61 5.56 5.65 5.36 5.43 4.62  0 0.064 0 0.085 0 0.096 
Lu  5.76 5.15 5.05 5.11 5.09 5.25 4.41  0.123 0 0 0 0 0.098 
Hf  0.173 0.189 0.241 0.297 0.312 0.297 0.181  3.65 4.04 3.87 3.5 3.58 4.07 
Ta  0.158 0 0.34 0 0.18 0 0  0 0 0 0 0 0 
Pb  0.0254 0.0266 0.0192 0.0535 0.0416 0.0397 0.0258  0.0397 0.15 0.0509 0.0547 0.0549 0.0444 
Th  0 0.127 0.091 0 0.071 0 0.066  5.07 0.175 0.152 0.47 0 0.142 







437 Table D.4 (continued) 
 
  
Trace Element Concentrations MDL filtered.                       20263 
  GT              CPX               
Element  033gt21 034gt22 035gt31 036gt32 037gt33 038BCR 039N612  025cpx11 026cpx12 027cpx13 028cpx21 029cpx22 030cpx23 031gt11 032gt12 
Li  0.116 0.116 0.394 0.124 <0.034 0.149 0.111  9.39 8.79 7.45 7.73 11.8 8.82 7.15 7.66 
Si   85539.13 91421.69 87905.87 91289.57 87004.92 87390.43 93195.09  293638.5 308204.59 296849.22 283936.38 286869.28 310402.5 283515.69 301610.41 
Si   85011.93 89221.73 87328.76 89630.6 85192.87 86737.98 92923.45  293060.97 297128.28 300969.66 283446.72 286372.69 310290.81 282449.16 298702.81 
Ca   5 5 5 5 5 5 5  20 20 20 20 20 20 20 20 
Ca   35237.15 34777.54 36804.08 35387.58 36811.99 35031.79 34507.17  140602.86 142115.36 142470.13 140333.14 140828.73 142273.89 140762.25 141717.38 
Sc   29.25 28.03 31.57 28.82 32.58 28.68 30.79  37.21 33.99 34.36 35.34 34.58 35.04 33.85 4.6 
Ti  139.82 148.54 143.61 143.02 140.99 151.54 142.17  1490.25 1332.65 1357.79 1463.17 1438.88 1599.03 1431.94 1612 
V  60.96 69.7 52.03 64.93 46.11 65.16 46.13  559.86 635.38 629.76 520.8 594.66 571.73 585.91 566.96 
Cr  174.25 262.92 116.44 102.21 139.22 122.39 149.33  474.27 504.31 478.71 394.49 398.12 486.72 464.96 503.48 
Mn  982.77 1092.88 1078.29 1081.24 1119.82 1044.11 1220.17  177.54 179.94 181.75 171.89 188.44 201.26 176.03 188.82 
Co  23.21 27.09 23.76 25.87 22.97 24.4 26.08  26.3 31.13 29.33 25.67 27.39 31.07 26.82 27.81 
Ni  1.76 1.91 1.53 1.41 1.001 1.54 1.27  80.85 102.93 102.39 78.46 91.14 92.96 94.13 85.79 
Zn  17.77 21.92 18.86 21.46 18.46 19.91 22.21  37.47 48.48 46.24 38.93 42.5 52.43 39.78 43.46 
Rb  <0.0120 0.0105 <0.0188 <0.0133 <0.0140 0.0243 <0.0115  0.464 <0.051 0.273 0.029 0.038 0.335 <0.025 <0.028 
Sr  0.573 0.623 0.0987 0.0994 0.1123 0.143 0.148  253.22 197.25 193.88 236.03 269.87 262.71 216.35 234.16 
Y   6.54 6.28 7.54 6.36 8.12 6.62 8.06  0.744 0.528 0.67 0.598 0.812 0.533 0.606 0.551 
Zr   0.838 0.902 0.899 0.805 1.099 0.8 1.138  10.61 9.9 9.91 10.82 10.61 10.06 10.57 10.75 
Nb   <0.0039 <0.0053 <0.0029 <0.0033 <0.0036 <0.0033 <0.0046  0.0037 <0.0072 0.059 <0.0150 0.023 0.0187 <0.0085 <0.0083 
Ba  0.0198 <0.0138 0.749 <0.0210 <0.023 <0.021 0.023  0.146 0.63 0.329 0.171 0.76 1.04 0.327 0.115 
La  <0.0020 <0.0047 <0.0037 <0.0029 0.0028 <0.0063 <0.0029  0.0478 0.065 0.223 0.077 0.288 0.121 <0.036 0.069 
Ce  0.0038 <0.0030 0.0042 <0.0021 0.0384 0.0271 0.0072  0.259 0.373 0.846 0.448 0.951 0.614 0.388 0.447 
Pr  0.00146 0.0032 0.0033 <0.0021 0.0048 0.0049 0.0043  0.0729 <0.025 0.16 0.086 0.139 0.123 0.086 0.124 
Nd  <0.0145 0.025 0.05 0.0247 0.061 0.041 0.114  0.635 0.798 0.94 0.87 0.991 1.08 0.839 1.02 
Sm  0.04 0.083 0.103 0.049 0.123 0.069 0.252  0.51 0.386 0.329 0.602 0.612 0.583 0.654 0.599 
Eu  0.0622 0.0926 0.164 0.0842 0.181 0.0858 0.31  0.454 0.183 0.261 0.285 0.31 0.267 0.279 0.327 
Gd  0.395 0.435 0.551 0.378 0.684 0.378 1.084  0.601 0.446 0.513 0.586 0.539 0.523 0.533 0.608 
Tb  0.1347 0.136 0.189 0.1501 0.207 0.1387 0.234  0.0603 0.068 0.05 0.062 0.086 0.076 0.0706 0.0592 
Dy  1.335 1.237 1.434 1.232 1.504 1.329 1.603  0.34 0.17 0.192 0.168 0.308 0.236 0.219 0.22 
Ho  0.278 0.241 0.29 0.235 0.325 0.27 0.31  0.0351 0.0341 0.0296 0.0329 0.0436 0.0307 0.0295 0.0184 
Er  0.731 0.645 0.701 0.672 0.795 0.69 0.822  0.056 0.021 0.0153 <0.038 0.035 0.0094 0.03 0.0172 
Tm  0.0883 0.0811 0.0881 0.0923 0.0968 0.0878 0.0997  <0.0048 <0.0036 <0.0044 <0.0075 <0.0054 0.0047 <0.0035 <0.0065 
Yb  0.535 0.503 0.617 0.551 0.657 0.55 0.616  <0.0157 <0.016 0.023 0.046 <0.030 <0.031 <0.0158 0.034 
Lu  0.0843 0.0776 0.0962 0.085 0.0967 0.0797 0.0911  <0.0048 <0.0054 <0.0070 0.0073 0.0025 <0.0067 <0.00244 0.0021 
Hf  0.0283 0.0102 0.0058 0.0131 0.009 0.0222 0.0256  0.62 0.612 0.644 0.669 0.545 0.567 0.643 0.644 
Ta  <0.00237 0.00061 <0.0025 0.0096 <0.0031 <0.0025 <0.00139  <0.0059 <0.0035 <0.0054 0.002 0.0015 <0.0081 <0.0030 <0.0087 
Pb  0.0276 0.0269 0.0764 0.048 0.0536 0.0339 0.105  0.357 0.347 1.082 0.277 0.513 0.517 0.528 0.569 
Th  <0.00150 <0.00203 <0.00159 <0.00178 <0.00137 <0.00126 <0.0018  <0.0037 <0.0059 <0.0068 <0.0057 <0.0059 0.0102 <0.0046 0.005 







438 Table D.4 (continued) 
 
  
1 sigma error.                             20263 
  GT              CPX               
Element  033gt21 034gt22 035gt31 036gt32 037gt33 038BCR 039N612  025cpx11 026cpx12 027cpx13 028cpx21 029cpx22 030cpx23 031gt11 032gt12 
Li  0.013 0.013 0.021 0.012 0.015 0.013 0.012  0.31 0.3 0.25 0.27 0.39 0.3 0.25 0.26 
Si   4661.32 4997.67 4820.26 5022.19 4806.24 4848.09 5191.51  15748.14 16558.2 15953.78 15294.92 15471.12 16779.92 15353.02 16371.04 
Si   5096.8 5403.99 5345.91 5549.05 5340.22 5507.61 5978.35  16716.39 17006.34 17276.49 16360.42 16615.61 18129.94 16621.35 17724.52 
Ca   0.16 0.16 0.16 0.16 0.16 0.16 0.16  0.64 0.64 0.64 0.64 0.64 0.64 0.64 0.64 
Ca   1141.82 1129.05 1195.96 1151 1200.77 1145.8 1130.6  4506.04 4568.33 4571.49 4517.81 4530.44 4586.66 4535.91 4569.79 
Sc   0.95 0.92 1.03 0.94 1.06 0.94 1.01  1.22 1.13 1.13 1.18 1.14 1.17 1.12 1.14 
Ti  5.7 6.11 5.96 5.99 6 6.54 6.21  56.12 50.69 51.55 56.14 55.35 62.04 55.87 63.33 
V  3.91 4.59 3.51 4.5 3.29 4.77 3.47  31.42 35.96 35.99 30.2 35.02 34.31 35.86 35.47 
Cr  10.7 16.53 7.51 6.76 9.44 8.53 10.68  25.69 27.55 26.38 22.05 22.57 28.08 27.33 30.2 
Mn  34.24 38.28 37.97 38.28 39.93 37.51 44.14  6.04 6.16 6.2 5.91 6.48 6.95 6.09 6.55 
Co  1.07 1.27 1.13 1.25 1.13 1.23 1.34  1.13 1.36 1.28 1.15 1.22 1.4 1.22 1.28 
Ni  0.14 0.15 0.13 0.11 0.093 0.13 0.11  3.99 5.15 5.1 4.04 4.67 4.86 4.94 4.57 
Zn  0.85 1.04 0.91 1.02 0.91 0.99 1.1  1.73 2.3 2.12 1.91 2.02 2.49 1.9 2.05 
Rb  0.0055 0.0057 0.0085 0.0052 0.0056 0.0067 0.005  0.037 0.023 0.028 0.016 0.017 0.039 0.012 0.011 
Sr  0.027 0.029 0.0091 0.0086 0.0098 0.012 0.012  7.91 6.2 6.07 7.42 8.46 8.25 6.78 7.34 
Y   0.25 0.24 0.29 0.25 0.32 0.26 0.32  0.042 0.041 0.04 0.045 0.05 0.041 0.041 0.037 
Zr   0.048 0.051 0.05 0.045 0.059 0.048 0.062  0.42 0.42 0.4 0.46 0.44 0.43 0.44 0.44 
Nb   0.002 0.0019 0.0013 0.0013 0.0014 0.0023 0.0017  0.0026 0.0058 0.011 0.0065 0.0077 0.0077 0.0043 0.004 
Ba  0.01 0.01 0.066 0.0088 0.012 0.011 0.013  0.038 0.11 0.06 0.058 0.11 0.14 0.069 0.041 
La  0.0011 0.0016 0.0015 0.0016 0.0016 0.0033 0.0019  0.0084 0.013 0.02 0.014 0.025 0.017 0.018 0.011 
Ce  0.0017 0.0016 0.002 0.0014 0.0052 0.0044 0.0023  0.02 0.03 0.043 0.034 0.051 0.041 0.028 0.029 
Pr  0.00084 0.0016 0.0014 0.0013 0.0015 0.002 0.0017  0.0087 0.015 0.014 0.017 0.015 0.015 0.012 0.012 
Nd  0.0053 0.01 0.014 0.0079 0.015 0.012 0.019  0.063 0.091 0.082 0.1 0.093 0.11 0.083 0.088 
Sm  0.012 0.019 0.021 0.013 0.022 0.016 0.03  0.06 0.067 0.05 0.088 0.077 0.083 0.079 0.072 
Eu  0.0077 0.0096 0.013 0.0084 0.014 0.0094 0.019  0.031 0.023 0.023 0.031 0.028 0.029 0.026 0.027 
Gd  0.04 0.042 0.047 0.036 0.053 0.04 0.071  0.066 0.073 0.063 0.087 0.075 0.08 0.07 0.078 
Tb  0.0091 0.0093 0.011 0.0092 0.012 0.0095 0.013  0.0084 0.011 0.0075 0.01 0.011 0.011 0.0096 0.0082 
Dy  0.066 0.064 0.069 0.06 0.072 0.068 0.076  0.04 0.034 0.029 0.036 0.044 0.04 0.035 0.035 
Ho  0.015 0.014 0.016 0.013 0.017 0.015 0.017  0.0065 0.0077 0.0063 0.0079 0.0077 0.0071 0.0064 0.0053 
Er  0.04 0.037 0.038 0.036 0.042 0.039 0.043  0.013 0.013 0.0069 0.018 0.013 0.0067 0.011 0.0094 
Tm  0.0071 0.0069 0.007 0.0068 0.0074 0.0073 0.0076  0.0024 0.0011 0.0026 0.0032 0.0035 0.0027 0.002 0.0031 
Yb  0.039 0.039 0.042 0.038 0.045 0.042 0.044  0.0077 0.011 0.01 0.022 0.011 0.014 0.0091 0.013 
Lu  0.0069 0.0067 0.0073 0.0065 0.0074 0.0069 0.0073  0.0025 0.0023 0.0026 0.0037 0.0018 0.0037 0.00075 0.0015 
Hf  0.0066 0.0052 0.0035 0.0047 0.0041 0.006 0.0063  0.047 0.058 0.05 0.063 0.051 0.056 0.054 0.052 
Ta  0.00073 0.00061 0.0011 0.0025 0.0011 0.0017 0.00072  0.0018 0.0022 0.0024 0.002 0.0015 0.0049 0.0017 0.0035 
Pb  0.0068 0.0073 0.0097 0.0075 0.0085 0.0073 0.012  0.031 0.037 0.069 0.046 0.043 0.047 0.043 0.044 
Th  0.00069 0.00082 0.0007 0.00094 0.00066 0.00067 0.0012  0.0018 0.0034 0.0026 0.003 0.0033 0.0047 0.003 0.0031 







439 Table D.4 (continued) 
 
  
Trace element concentrations normalised to chondrite.                       20263 
  GT              CPX               
Element  033gt21 034gt22 035gt31 036gt32 037gt33 038BCR 039N612  025cpx11 026cpx12 027cpx13 028cpx21 029cpx22 030cpx23 031gt11 032gt12 
Li  0.0485 0.0484 0.1641 0.0518 0 0.0621 0.0462  3.91 3.66 3.1 3.22 4.92 3.67 2.98 3.19 
Si   0.535 0.571 0.549 0.571 0.544 0.546 0.582  1.835 1.93 1.855 1.775 1.793 1.94 1.772 1.89 
Si   0.531 0.558 0.546 0.56 0.532 0.542 0.581  1.83 1.86 1.88 1.77 1.79 1.94 1.77 1.87 
Ca   2.647 2.647 2.647 2.647 2.647 2.647 2.647  10.59 10.59 10.59 10.59 10.59 10.59 10.59 10.59 
Ca   2.61 2.576 2.726 2.621 2.727 2.595 2.556  10.42 10.53 10.55 10.4 10.43 10.54 10.43 10.5 
Sc   3.39 3.24 3.65 3.34 3.77 3.32 3.56  4.31 3.93 3.98 4.09 4 4.06 3.92 4 
Ti  0.2138 0.2271 0.2196 0.2187 0.2156 0.2317 0.2174  2.279 2.038 2.076 2.237 2.2 2.445 2.19 2.465 
V  0.717 0.82 0.612 0.764 0.542 0.767 0.543  6.59 7.48 7.41 6.13 7 6.73 6.89 6.67 
Cr  0.0438 0.0661 0.0293 0.0257 0.035 0.0308 0.0376  0.1193 0.1269 0.1204 0.0992 0.1002 0.1224 0.117 0.1267 
Mn  0.334 0.372 0.367 0.368 0.381 0.355 0.415  0.0604 0.0612 0.0618 0.0585 0.0641 0.0685 0.0599 0.0642 
Co  0.0304 0.0355 0.0311 0.0339 0.0301 0.0319 0.0341  0.0344 0.0407 0.0384 0.0336 0.0359 0.0407 0.0351 0.0364 
Ni  0.00011 0.00012 0.00009 0.00009 0.00006 0.00009 0.00008  0.0049 0.00624 0.00621 0.00476 0.00552 0.00563 0.0057 0.0052 
Zn  0.0385 0.0475 0.0408 0.0465 0.04 0.0431 0.0481  0.0811 0.1049 0.1001 0.0843 0.092 0.1135 0.0861 0.0941 
Rb  0 0.003 0 0 0 0.007 0  0.135 0 0.0791 0.0085 0.0111 0.097 0 0 
Sr  0.0481 0.0524 0.00829 0.00836 0.00944 0.01201 0.01247  21.28 16.58 16.29 19.83 22.68 22.08 18.18 19.68 
Y   2.91 2.79 3.35 2.83 3.61 2.94 3.58  0.331 0.235 0.298 0.266 0.361 0.237 0.27 0.245 
Zr   0.1513 0.1629 0.1623 0.1454 0.198 0.1444 0.205  1.915 1.787 1.788 1.953 1.916 1.815 1.908 1.94 
Nb   0 0 0 0 0 0 0  0.0099 0 0.157 0 0.061 0.05 0 0 
Ba  0.0058 0 0.22 0 0 0 0.0066  0.043 0.183 0.096 0.05 0.223 0.306 0.096 0.034 
La  0 0 0 0 0.0076 0 0  0.13 0.178 0.608 0.21 0.786 0.33 0 0.189 
Ce  0.0039 0 0.0043 0 0.0401 0.0283 0.0075  0.27 0.39 0.884 0.468 0.994 0.641 0.405 0.467 
Pr  0.0106 0.024 0.024 0 0.035 0.036 0.031  0.532 0 1.17 0.63 1.02 0.9 0.628 0.904 
Nd  0 0.036 0.07 0.035 0.086 0.057 0.161  0.892 1.12 1.32 1.23 1.39 1.52 1.18 1.43 
Sm  0.175 0.358 0.446 0.214 0.531 0.297 1.09  2.21 1.67 1.42 2.61 2.65 2.52 2.83 2.59 
Eu  0.715 1.06 1.89 0.968 2.09 0.99 3.56  5.21 2.1 3 3.28 3.57 3.07 3.2 3.76 
Gd  1.29 1.42 1.8 1.24 2.24 1.24 3.54  1.96 1.46 1.68 1.91 1.76 1.71 1.74 1.99 
Tb  2.32 2.35 3.26 2.59 3.56 2.39 4.03  1.04 1.18 0.86 1.08 1.48 1.3 1.22 1.02 
Dy  3.5 3.25 3.76 3.23 3.95 3.49 4.21  0.89 0.447 0.504 0.441 0.81 0.62 0.576 0.578 
Ho  3.27 2.84 3.4 2.76 3.82 3.17 3.64  0.412 0.401 0.348 0.387 0.513 0.361 0.346 0.217 
Er  2.94 2.59 2.82 2.7 3.19 2.77 3.3  0.225 0.086 0.062 0 0.141 0.038 0.122 0.069 
Tm  2.48 2.28 2.47 2.59 2.72 2.47 2.8  0 0 0 0 0 0.131 0 0 
Yb  2.16 2.03 2.49 2.22 2.65 2.22 2.48  0 0 0.093 0.185 0 0 0 0.138 
Lu  2.21 2.04 2.52 2.23 2.54 2.09 2.39  0 0 0 0.192 0.067 0 0 0.056 
Hf  0.158 0.057 0.032 0.073 0.05 0.124 0.143  3.47 3.42 3.6 3.74 3.04 3.17 3.59 3.6 
Ta  0 0.023 0 0.368 0 0 0  0 0 0 0.075 0.06 0 0 0 
Pb  0.0076 0.0074 0.0209 0.0131 0.0147 0.0093 0.0287  0.0979 0.095 0.296 0.076 0.141 0.142 0.145 0.156 
Th  0 0 0 0 0 0 0  0 0 0 0 0 0.24 0 0.117 







440 Table D.4 (continued) 
 
  
Trace Element Concentrations MDL filtered.                     13918 
  GT            CPX             
Element  040gt11 041gt12 042gt13 047gt21 048gt22 049gt23  037cpx11 038cpx12 039cpx13 043cpx21 044cpx22 045cpx31 046cpx32 
Li  0.622 0.629 0.611 0.519 0.582 0.623  13.31 14.2 14.3 11.25 11.2 9.93 11.6 
Si   94395.82 100149.02 98286.41 99458.91 99897.42 102955.81  230108.61 244225.27 238079.42 236284.48 244236.47 227646.66 249237.3 
Si   94415.94 100504.42 100673.3 99323.63 99969.34 104947.88  230930.91 248251.91 237793.14 238933.86 241889.88 228283.27 257178 
Ca   5 5 5 5 5 5  20 20 20 20 20 20 20 
Ca   35287.44 35579.15 34921.53 36121.4 35737.61 36104.05  139654.61 141411.11 141250.22 140907.61 140470.53 141900.55 140264.98 
Sc   29.38 29.13 28.64 31.38 30.27 31.36  38.78 37.03 43.52 35.19 33.58 57.71 57.53 
Ti  285.59 269.26 249.21 259.85 252.06 230.54  1421.14 1425.3 1681.19 1803.49 1919.45 1208.04 1232.17 
V  71.56 70.1 63.33 64.83 68.46 68.45  418.57 441.5 419.86 425.5 441.11 383.95 420.13 
Cr  81.88 88.46 87.04 140.32 139.81 110.11  373.77 336.18 212.18 108.91 200.81 295.33 343.74 
Mn  1604.93 1737.32 1778.86 1759.86 1841.56 1936.6  190.62 195.27 212.26 151.78 185.08 538.04 635.88 
Co  21.21 24.41 25.67 23.05 24.96 25.4  22.77 25.79 24.72 23.62 26.6 12.76 14.48 
Ni  0.898 1.14 0.618 0.724 0.88 0.773  75.65 85.24 79.31 96.22 112.78 33.1 38.47 
Zn  20.34 25.63 26.71 22.17 25.97 26.43  43.05 58.34 52.37 49.4 63.6 53.96 66.84 
Rb  <0.0105 <0.0127 <0.0098 0.069 <0.0121 0.096  <0.0173 0.056 0.025 0.078 0.143 <0.0186 0.425 
Sr  0.187 0.241 0.0297 0.0261 0.0504 0.0523  58.49 59.39 62.64 56.45 60.27 80.76 88.78 
Y   18.31 17.72 16.23 18.09 17.88 16.66  0.646 0.674 0.769 0.807 0.761 2.83 2.98 
Zr   0.751 0.84 0.855 0.825 0.705 0.713  6.13 6.1 6.53 7.52 6.88 8.15 8.11 
Nb   <0.0060 0.0021 <0.0037 0.0084 <0.0053 <0.00  <0.0067 <0.0065 <0.0058 0.0056 0.0195 <0.0064 0.0217 
Ba  0.068 0.086 <0.026 <0.00 <0.0303 0.115  <0.033 0.697 0.198 <0.031 0.058 0.043 4.17 
La  <0.0035 <0.0025 0.0569 <0.0041 <0.0038 0.012  0.0254 0.0179 0.0597 0.0192 0.0329 0.063 0.112 
Ce  0.0044 0.0037 0.002 0.0034 0.0041 0.0038  0.317 0.357 0.475 0.295 0.236 0.509 0.739 
Pr  0.0041 0.002 0.0057 0.0041 0.0039 0.0037  0.161 0.109 0.139 0.129 0.15 0.157 0.206 
Nd  0.129 0.116 0.11 0.107 0.107 0.093  1.208 1.166 1.389 1.133 1.35 1.58 1.54 
Sm  0.365 0.337 0.334 0.358 0.413 0.374  0.61 0.632 0.796 0.779 0.796 0.764 0.827 
Eu  0.296 0.324 0.348 0.282 0.302 0.292  0.261 0.312 0.308 0.355 0.442 0.269 0.344 
Gd  1.39 1.365 1.508 1.48 1.352 1.231  0.624 0.57 0.638 0.631 0.63 0.764 0.865 
Tb  0.35 0.331 0.328 0.331 0.322 0.306  0.0788 0.0481 0.0571 0.063 0.085 0.14 0.118 
Dy  3.02 2.92 2.75 2.83 2.8 2.7  0.297 0.27 0.24 0.283 0.288 0.812 0.707 
Ho  0.728 0.695 0.633 0.72 0.688 0.657  0.02 0.0276 0.0337 0.0246 0.137 0.123 0.138 
Er  2.29 2.191 1.882 2.24 2.19 2.29  0.05 0.06 0.041 0.039 0.04 0.231 0.313 
Tm  0.334 0.311 0.256 0.339 0.321 0.336  0.151 0.0043 0.0067 0.0041 <0.0025 0.0313 0.0259 
Yb  2.16 2.07 1.767 2.17 2.29 2.38  <0.018 0.03 <0.0180 <0.017 0.026 0.141 0.157 
Lu  0.309 0.303 0.252 0.362 0.36 0.363  <0.0023 0.0045 <0.0034 0.0018 <0.0036 <0.0097 0.0252 
Hf  0.0419 0.0218 0.0317 0.0209 0.0179 <0.0141  0.574 0.508 0.451 0.599 0.556 0.848 0.84 
Ta  0.0017 <0.0021 <0.00155 <0.0044 0.0029 <0.0025  <0.0040 <0.0050 <0.0034 0.0044 0.007 <0.0046 0.0064 
Pb  0.0176 0.0211 0.0204 0.0203 0.0448 0.0409  0.146 0.228 0.178 0.116 0.526 0.305 0.39 
Th  <0.0040 <0.0026 <0.00190 <0.0039 <0.0023 0.0019  <0.0042 <0.0033 0.0009 <0.0051 <0.0038 <0.0093 <0.0035 







441 Table D.4 (continued) 
 
  
1 sigma error.                         13918 
  GT            CPX             
Element  040gt11 041gt12 042gt13 047gt21 048gt22 049gt23  037cpx11 038cpx12 039cpx13 043cpx21 044cpx22 045cpx31 046cpx32 
Li  0.034 0.032 0.031 0.032 0.036 0.036  0.52 0.56 0.57 0.48 0.48 0.44 0.52 
Si   4783.89 5077.27 4991.11 5112.77 5151.61 5321.27  11593.92 12313.58 12014.86 11999.99 12430.04 11614.18 12745.21 
Si   4671.4 4971.34 4984.86 4955.57 4997.52 5250.58  11366.49 12225.03 11717.48 11821.89 11983.39 11326.68 12776.06 
Ca   0.16 0.16 0.16 0.16 0.16 0.16  0.64 0.64 0.64 0.64 0.64 0.64 0.64 
Ca   1273.77 1292.67 1281.78 1422.63 1431.92 1469.91  4926 5007.44 5029.76 5213.39 5264.7 5394.88 5411.68 
Sc   1.05 1.03 1.02 1.17 1.14 1.19  1.36 1.3 1.53 1.27 1.22 2.1 2.11 
Ti  16.43 15.78 14.99 18.21 18.26 17.22  77.5 78.45 93.82 110.68 121.34 78.89 83.03 
V  2.74 2.71 2.48 2.76 2.98 3.03  15.55 16.48 15.79 16.77 17.66 15.65 17.42 
Cr  2.75 2.96 2.92 4.75 4.75 3.75  12.35 11.11 7.03 3.65 6.71 9.89 11.52 
Mn  64.73 70.96 73.86 81.46 87.45 94.31  7.45 7.69 8.43 6.42 7.99 23.7 28.65 
Co  0.84 0.97 1.03 1 1.1 1.13  0.89 1.01 0.97 0.97 1.1 0.55 0.63 
Ni  0.098 0.1 0.071 0.09 0.11 0.092  3.74 4.23 3.99 5.26 6.32 1.99 2.35 
Zn  0.91 1.09 1.14 1.02 1.2 1.21  1.82 2.41 2.17 2.12 2.71 2.36 2.89 
Rb  0.0059 0.0059 0.005 0.012 0.006 0.013  0.009 0.012 0.0093 0.015 0.019 0.0092 0.036 
Sr  0.016 0.016 0.0051 0.0054 0.0077 0.0075  2 2.03 2.15 2 2.15 2.91 3.23 
Y   0.64 0.62 0.57 0.67 0.67 0.63  0.04 0.04 0.042 0.045 0.044 0.12 0.13 
Zr   0.048 0.047 0.047 0.051 0.047 0.044  0.25 0.24 0.25 0.29 0.27 0.32 0.31 
Nb   0.0023 0.0015 0.0015 0.0037 0.0016 <0.00  0.0021 0.0038 0.0025 0.0032 0.0066 0.0036 0.0066 
Ba  0.022 0.021 0.011 <0.00 0.0094 0.028  0.02 0.084 0.043 0.016 0.026 0.029 0.25 
La  0.0011 0.0011 0.0068 0.0021 0.0016 0.0034  0.0064 0.0051 0.009 0.0055 0.007 0.01 0.013 
Ce  0.0022 0.0018 0.0013 0.0019 0.0023 0.0019  0.023 0.023 0.027 0.021 0.026 0.031 0.039 
Pr  0.0017 0.0013 0.0018 0.0018 0.0022 0.0016  0.014 0.011 0.012 0.012 0.013 0.014 0.016 
Nd  0.024 0.019 0.019 0.023 0.023 0.019  0.096 0.091 0.099 0.091 0.1 0.12 0.11 
Sm  0.044 0.039 0.037 0.045 0.049 0.043  0.07 0.068 0.075 0.077 0.079 0.082 0.083 
Eu  0.022 0.02 0.021 0.021 0.022 0.02  0.023 0.025 0.024 0.027 0.031 0.024 0.027 
Gd  0.097 0.087 0.092 0.1 0.099 0.088  0.072 0.066 0.067 0.069 0.07 0.083 0.085 
Tb  0.02 0.017 0.017 0.019 0.019 0.018  0.0092 0.0069 0.0074 0.008 0.0094 0.013 0.012 
Dy  0.14 0.13 0.13 0.14 0.15 0.14  0.037 0.034 0.031 0.035 0.035 0.068 0.06 
Ho  0.036 0.033 0.031 0.039 0.038 0.036  0.0052 0.0055 0.0057 0.0049 0.013 0.013 0.013 
Er  0.11 0.098 0.087 0.11 0.11 0.11  0.013 0.014 0.01 0.011 0.011 0.029 0.033 
Tm  0.02 0.018 0.015 0.021 0.021 0.021  0.014 0.0024 0.0024 0.0024 0.0015 0.0061 0.0051 
Yb  0.12 0.11 0.095 0.13 0.14 0.14  0.012 0.012 0.0086 0.011 0.012 0.027 0.027 
Lu  0.018 0.017 0.015 0.021 0.022 0.021  0.0012 0.002 0.0016 0.0013 0.0014 0.0052 0.0051 
Hf  0.0095 0.0063 0.0074 0.007 0.0075 0.0077  0.048 0.042 0.038 0.047 0.046 0.063 0.061 
Ta  0.0012 0.0011 0.00099 0.0021 0.0018 0.001  0.0017 0.0019 0.0011 0.0022 0.0032 0.0019 0.0029 
Pb  0.0065 0.0064 0.0059 0.008 0.0099 0.0082  0.019 0.024 0.021 0.017 0.047 0.033 0.039 
Th  0.0014 0.0013 0.00079 0.0014 0.0015 0.0011  0.002 0.002 0.0009 0.0018 0.0018 0.0033 0.0025 







442 Table D.4 (continued) 
 
  
Trace element concentrations normalised to chondrite.                   13918 
  GT            CPX             
Element  040gt11 041gt12 042gt13 047gt21 048gt22 049gt23  037cpx11 038cpx12 039cpx13 043cpx21 044cpx22 045cpx31 046cpx32 
Li  0.259 0.262 0.254 0.216 0.242 0.26  5.55 5.92 5.96 4.69 4.67 4.14 4.83 
Si   0.59 0.626 0.614 0.622 0.624 0.643  1.438 1.526 1.488 1.477 1.526 1.423 1.558 
Si   0.59 0.628 0.629 0.621 0.625 0.656  1.443 1.552 1.486 1.493 1.512 1.427 1.607 
Ca   2.647 2.647 2.647 2.647 2.647 2.647  10.59 10.59 10.59 10.59 10.59 10.59 10.59 
Ca   2.614 2.635 2.587 2.68 2.65 2.67  10.34 10.47 10.46 10.44 10.41 10.51 10.39 
Sc   3.4 3.37 3.31 3.63 3.5 3.63  4.49 4.29 5.04 4.07 3.89 6.68 6.66 
Ti  0.437 0.412 0.381 0.397 0.385 0.353  2.17 2.18 2.57 2.76 2.93 1.85 1.88 
V  0.842 0.825 0.745 0.763 0.805 0.805  4.92 5.19 4.94 5.01 5.19 4.52 4.94 
Cr  0.0206 0.02225 0.0219 0.0353 0.0352 0.0277  0.094 0.0846 0.0534 0.0274 0.0505 0.0743 0.0865 
Mn  0.546 0.591 0.605 0.599 0.626 0.659  0.0648 0.0664 0.0722 0.0516 0.063 0.183 0.2163 
Co  0.0278 0.032 0.0336 0.0302 0.0327 0.0333  0.0298 0.0338 0.0324 0.0309 0.0348 0.0167 0.01896 
Ni  0.00005 0.00007 0.00004 0.00004 0.00005 0.00005  0.00458 0.00517 0.00481 0.00583 0.00684 0.00201 0.00233 
Zn  0.044 0.0555 0.0578 0.048 0.0562 0.0572  0.0932 0.1263 0.1134 0.1069 0.1377 0.1168 0.1447 
Rb  0 0 0 0.02 0 0.028  0 0.0162 0.0072 0.0227 0.0415 0 0.123 
Sr  0.0157 0.0203 0.00249 0.00219 0.00424 0.00439  4.91 4.99 5.26 4.74 5.07 6.79 7.46 
Y   8.14 7.87 7.21 8.04 7.95 7.4  0.287 0.3 0.342 0.359 0.338 1.26 1.325 
Zr   0.1355 0.1517 0.1544 0.1489 0.1272 0.1287  1.106 1.1 1.178 1.358 1.242 1.471 1.464 
Nb   0 0.0055 0 0.0224 0 0  0 0 0 0.0149 0.052 0 0.058 
Ba  0.02 0.0253 0 0 0 0.0337  0 0.204 0.058 0 0.0171 0.0127 1.222 
La  0 0 0.155 0 0 0.0328  0.069 0.049 0.163 0.052 0.09 0.173 0.306 
Ce  0.0046 0.0039 0.0021 0.0036 0.0043 0.004  0.332 0.373 0.496 0.308 0.247 0.532 0.772 
Pr  0.03 0.0146 0.042 0.03 0.028 0.027  1.18 0.798 1.017 0.945 1.095 1.15 1.5 
Nd  0.181 0.163 0.155 0.15 0.151 0.131  1.7 1.64 1.95 1.59 1.9 2.22 2.17 
Sm  1.58 1.46 1.45 1.55 1.79 1.62  2.64 2.74 3.45 3.37 3.45 3.31 3.58 
Eu  3.41 3.72 4 3.25 3.47 3.36  3 3.59 3.54 4.08 5.08 3.09 3.95 
Gd  4.54 4.46 4.93 4.85 4.42 4.02  2.04 1.86 2.08 2.06 2.06 2.5 2.83 
Tb  6.03 5.7 5.65 5.72 5.54 5.28  1.36 0.83 0.98 1.09 1.47 2.41 2.03 
Dy  7.92 7.67 7.21 7.43 7.34 7.09  0.779 0.709 0.631 0.742 0.757 2.13 1.86 
Ho  8.56 8.16 7.44 8.46 8.09 7.72  0.235 0.325 0.396 0.289 1.6 1.44 1.63 
Er  9.18 8.8 7.56 8.99 8.78 9.19  0.199 0.242 0.164 0.158 0.162 0.93 1.26 
Tm  9.39 8.74 7.19 9.53 9.01 9.43  4.23 0.122 0.189 0.116 0 0.88 0.73 
Yb  8.71 8.36 7.13 8.73 9.24 9.61  0 0.123 0 0 0.106 0.57 0.63 
Lu  8.12 7.95 6.62 9.5 9.45 9.52  0 0.118 0 0.047 0 0 0.66 
Hf  0.234 0.122 0.177 0.117 0.1 0  3.2 2.84 2.52 3.34 3.11 4.74 4.69 
Ta  0.064 0 0 0 0.112 0  0 0 0 0.171 0.27 0 0.25 
Pb  0.0048 0.0058 0.0056 0.0056 0.0123 0.0112  0.0399 0.0624 0.0487 0.0318 0.144 0.0834 0.107 
Th  0 0 0 0 0 0.044  0 0 0.021 0 0 0 0 







443 Table D.4 (continued) 
 
  
Trace Element Concentrations MDL filtered.                     117200-141 
  GT                CPX         
Element  055gt11 056gt12 057gt13 063gt21 064gt22 065gt23 059cpx12 060cpx13  058cpx11 061cpx21 062cpx22 066cpx31 067cpx32 
Li  1.652 1.708 1.79 0.864 1.68 1.135 1.407 1.028  27.44 25.31 34.18 26.19 30.03 
Si   194270.73 194305.56 245558.48 167232.73 186983.64 178142.28 187785.17 183205.98  247433.59 235160.84 241005.03 240558.94 252217.94 
Si   193551.5 196407.13 236306.95 167019.89 182240.78 178051.63 187226 184068.11  246089.13 233966.58 242956.75 240755.3 252627.45 
Ca   8.64 8.64 8.64 8.64 8.64 8.64 8.64 8.64  17.72 17.72 17.72 17.72 17.72 
Ca   62175.68 61816.47 62807.07 61774.21 60215.64 61898.86 61843.93 61164.83  125921.35 124387.35 126355.23 124102.98 123190.77 
Sc   78.06 74.42 78.28 61.92 57 56.03 65.34 61.12  43.69 47.85 48.2 37.63 40.5 
Ti  647.52 634.26 593.43 285.58 716.9 366.9 478.5 326.64  1482.29 1162.17 1231.68 1309.04 1223.83 
V  173.14 195.15 179.55 122.33 231.07 137.18 139.49 136.18  613.13 602.34 645.86 559.62 647.05 
Cr  339.4 383.41 104.56 187.17 357.59 157.37 113.65 188.93  327.28 243.19 207.23 32.75 147.12 
Mn  3407.84 3694.08 4708.05 2824.05 3247.48 3308.43 3296.47 3368.66  188.46 140.34 165.03 179.64 217.32 
Co  64.38 72.01 95.61 54.84 66.26 66.14 63.96 64.74  34.4 31.45 34.21 35.07 39.38 
Ni  3.4 4.03 6.39 4.01 5.49 3.62 4 2.66  145.29 138.29 144.58 139.55 162.1 
Zn  66.09 81.82 124.36 58.62 77.14 79.26 67.54 68.61  89.86 76.75 82.1 79.38 94.65 
Rb  <0.027 <0.029 <0.023 0.195 <0.0185 <0.0167 <0.021 0.192  0.139 0.0144 <0.0173 0.04 0.097 
Sr  0.121 0.12 0.156 0.234 0.397 0.111 0.399 0.081  50.29 47.02 50.7 49.69 50.74 
Y   52.39 57.57 48.97 34.1 41.31 27.7 32.58 29.73  0.856 0.828 0.767 0.85 0.738 
Zr   2.99 2.53 3.17 2.84 2.64 2.65 3.53 2.11  10.98 10.82 10.31 11.06 9.97 
Nb   <0.0103 <0.0160 <0.0051 0.0109 0.0019 <0.0062 <0.0056 <0.0051  <0.00 <0.0059 0.0017 <0.00 <0.0072 
Ba  <0.057 <0.093 <0.034 <0.0239 0.0093 <0.043 <0.027 <0.035  <0.022 <0.0201 <0.0274 0.354 <0.035 
La  0.0024 <0.0055 <0.00 <0.0034 <0.0061 <0.0053 <0.0078 0.0074  0.0248 0.013 0.0234 0.0356 0.0274 
Ce  0.0226 0.0113 0.0215 <0.0042 0.018 <0.0125 <0.0076 0.114  0.25 0.177 0.251 0.252 0.305 
Pr  0.035 0.0178 0.0201 0.0698 0.0364 0.0298 0.0291 0.0073  0.135 0.1 0.124 0.125 0.134 
Nd  0.6 0.531 0.666 0.341 0.819 0.621 0.51 0.318  1.86 1.51 1.72 1.61 1.7 
Sm  1.45 1.12 1.54 1.15 1.255 1.169 1.1 0.9  0.999 1.031 0.975 1.077 1.044 
Eu  0.862 0.74 0.969 0.805 0.819 0.872 0.79 0.647  0.3 0.28 0.277 0.304 0.318 
Gd  4.3 3.9 4.3 3.75 3.83 3.35 3.65 3.22  0.693 0.768 0.79 0.801 0.657 
Tb  0.889 0.892 0.904 0.793 0.746 0.665 0.783 0.609  0.0749 0.0606 0.0743 0.0835 0.0796 
Dy  7.83 8.69 7.97 5.87 6.45 5.03 6.11 5.02  0.291 0.254 0.264 0.279 0.271 
Ho  2.103 2.25 1.755 1.242 1.564 1.028 1.183 1.053  0.0352 0.0301 0.0332 0.0323 0.0253 
Er  6.48 6.9 4.99 3.53 5.03 2.9 3.13 3.24  0.058 0.051 0.064 0.062 0.053 
Tm  0.929 1.056 0.686 0.484 0.755 0.429 0.438 0.442  0.0136 <0.0028 0.0059 0.0086 <0.0049 
Yb  5.7 6.93 4.7 3.58 5.45 2.72 2.86 3.09  0.016 0.031 0.024 0.029 0.024 
Lu  0.986 1.158 0.699 0.497 0.79 0.39 0.373 0.468  <0.0031 <0.00198 <0.0019 0.0069 <0.0048 
Hf  0.109 0.067 0.078 0.054 0.069 0.059 0.071 0.023  0.694 0.779 0.833 0.843 0.831 
Ta  <0.0049 <0.0046 0.0072 <0.0029 0.0045 <0.0057 <0.0046 <0.0059  <0.0038 <0.0034 <0.0040 <0.0026 <0.0029 
Pb  0.032 <0.023 <0.026 0.048 0.043 0.053 0.038 0.029  0.195 0.15 0.264 0.209 0.219 
Th  <0.0051 <0.0167 <0.00 <0.0043 <0.0038 <0.0044 <0.0062 <0.0044  0.009 <0.0036 <0.0028 <0.0031 <0.0036 







444 Table D.4 (continued) 
 
  
1 sigma error.                         117200-141 
  GT                CPX         
Element  055gt11 056gt12 057gt13 063gt21 064gt22 065gt23 059cpx12 060cpx13  058cpx11 061cpx21 062cpx22 066cpx31 067cpx32 
Li  0.098 0.097 0.1 0.06 0.11 0.077 0.085 0.069  1.37 1.36 1.88 1.64 1.94 
Si   10261.84 10262.17 12990.88 9060.84 10189.73 9771.43 9990.81 9791.63  13093.39 12583.89 12956.75 13272.03 14021.62 
Si   9803.42 9931.36 11947.17 8487.22 9273.42 9077.19 9474.56 9330.71  12414.82 11829.85 12295.21 12281.82 12918.72 
Ca   0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.28  0.57 0.57 0.56 0.56 0.56 
Ca   2009.96 1992.45 2025.42 2009.4 1961.49 2020.76 1999.53 1985.13  4039.37 4007.26 4074.54 4046.37 4028.28 
Sc   2.68 2.54 2.68 2.15 1.98 1.96 2.25 2.12  1.5 1.65 1.66 1.32 1.43 
Ti  46.29 45.7 43.45 24.81 64.15 34.04 36.7 25.88  110.27 93.98 102.8 125.3 121.24 
V  8.18 9.28 8.65 6.77 13.14 8.04 6.98 6.98  29.9 31.42 34.59 33.76 40.26 
Cr  15.82 18 5 10.21 20.05 9.1 5.63 9.56  15.79 12.54 10.96 1.97 9.04 
Mn  111.37 120.38 153.47 92.67 106.66 108.83 107.7 110.42  6.14 4.6 5.4 5.92 7.17 
Co  2.76 3.08 4.11 2.62 3.22 3.29 2.84 2.93  1.52 1.45 1.6 1.79 2.06 
Ni  0.31 0.31 0.42 0.3 0.36 0.26 0.31 0.26  6.24 6.1 6.41 6.59 7.76 
Zn  3 3.57 5.29 2.57 3.31 3.39 2.96 3.05  3.85 3.3 3.47 3.39 4.01 
Rb  0.013 0.013 0.012 0.023 0.0094 0.0083 0.011 0.027  0.021 0.0075 0.0068 0.011 0.014 
Sr  0.019 0.016 0.018 0.021 0.028 0.013 0.031 0.014  1.71 1.62 1.75 1.78 1.83 
Y   1.74 1.89 1.61 1.13 1.36 0.92 1.09 1  0.05 0.047 0.041 0.044 0.039 
Zr   0.16 0.13 0.16 0.14 0.13 0.12 0.17 0.12  0.41 0.4 0.38 0.41 0.37 
Nb   0.0047 0.0049 0.004 0.0049 0.0019 0.0032 0.0031 0.0035  <0.00 0.0029 0.0017 <0.00 0.0031 
Ba  0.037 0.034 0.011 0.0074 0.0093 0.018 0.019 0.011  0.018 0.0062 0.0084 0.06 0.015 
La  0.0024 0.0031 <0.00 0.0024 0.003 0.0021 0.0024 0.0044  0.0072 0.0047 0.0058 0.0074 0.0056 
Ce  0.0069 0.0048 0.0062 0.0026 0.0071 0.006 0.0045 0.015  0.021 0.017 0.018 0.019 0.02 
Pr  0.0081 0.0048 0.0054 0.0094 0.0059 0.0053 0.0062 0.0038  0.013 0.011 0.011 0.011 0.011 
Nd  0.081 0.067 0.074 0.049 0.074 0.061 0.064 0.055  0.13 0.11 0.11 0.11 0.11 
Sm  0.14 0.11 0.12 0.098 0.098 0.091 0.1 0.1  0.097 0.093 0.081 0.088 0.081 
Eu  0.056 0.047 0.055 0.046 0.044 0.045 0.048 0.045  0.027 0.025 0.022 0.023 0.023 
Gd  0.27 0.23 0.24 0.21 0.21 0.19 0.22 0.22  0.083 0.082 0.074 0.076 0.065 
Tb  0.047 0.044 0.044 0.038 0.035 0.032 0.04 0.035  0.0099 0.0083 0.0082 0.0088 0.0082 
Dy  0.34 0.35 0.32 0.25 0.26 0.21 0.26 0.24  0.039 0.035 0.032 0.033 0.031 
Ho  0.089 0.088 0.072 0.053 0.062 0.044 0.054 0.052  0.0068 0.0061 0.0055 0.0057 0.0048 
Er  0.27 0.27 0.21 0.15 0.2 0.13 0.15 0.16  0.015 0.014 0.014 0.013 0.011 
Tm  0.049 0.05 0.037 0.028 0.037 0.024 0.027 0.029  0.0042 0.0014 0.0024 0.0029 0.0025 
Yb  0.28 0.3 0.23 0.18 0.24 0.14 0.16 0.18  0.012 0.013 0.011 0.012 0.01 
Lu  0.051 0.053 0.037 0.028 0.037 0.022 0.025 0.03  0.0019 0.00061 0.0015 0.0026 0.0024 
Hf  0.024 0.016 0.018 0.014 0.015 0.013 0.017 0.012  0.055 0.056 0.053 0.054 0.052 
Ta  0.0032 0.0026 0.0039 0.0015 0.0022 0.0018 0.003 0.0031  0.0019 0.0011 0.0016 0.0013 0.0013 
Pb  0.013 0.012 0.014 0.012 0.011 0.011 0.012 0.012  0.024 0.02 0.023 0.021 0.021 
Th  0.0029 0.0055 <0.00 0.002 0.0022 0.0014 0.0023 0.0014  0.0039 0.0016 0.0019 0.0016 0.0019 







445 Table D.4 (continued) 
 
  
Trace element concentrations normalised to chondrite.                   117200-141 
  GT                CPX         
Element  055gt11 056gt12 057gt13 063gt21 064gt22 065gt23 059cpx12 060cpx13  058cpx11 061cpx21 062cpx22 066cpx31 067cpx32 
Li  0.688 0.712 0.745 0.36 0.699 0.473 0.586 0.428  11.43 10.55 14.24 10.91 12.51 
Si   1.214 1.214 1.535 1.045 1.169 1.113 1.174 1.145  1.546 1.47 1.506 1.503 1.576 
Si   1.21 1.228 1.477 1.044 1.139 1.113 1.17 1.15  1.538 1.462 1.518 1.505 1.579 
Ca   4.57 4.57 4.57 4.57 4.57 4.57 4.57 4.57  9.38 9.38 9.38 9.38 9.38 
Ca   4.61 4.58 4.65 4.58 4.46 4.59 4.58 4.53  9.33 9.21 9.36 9.19 9.13 
Sc   9.03 8.61 9.06 7.17 6.6 6.49 7.56 7.07  5.06 5.54 5.58 4.36 4.69 
Ti  0.99 0.97 0.907 0.437 1.096 0.561 0.732 0.499  2.27 1.78 1.88 2 1.87 
V  2.037 2.3 2.11 1.439 2.72 1.614 1.641 1.602  7.21 7.09 7.6 6.58 7.61 
Cr  0.0854 0.0965 0.0263 0.0471 0.09 0.0396 0.0286 0.0475  0.0823 0.0612 0.0521 0.00824 0.037 
Mn  1.159 1.256 1.601 0.961 1.105 1.125 1.121 1.146  0.0641 0.0477 0.0561 0.0611 0.0739 
Co  0.0843 0.0943 0.1251 0.0718 0.0867 0.0866 0.0837 0.0847  0.045 0.0412 0.0448 0.0459 0.0516 
Ni  0.00021 0.00024 0.00039 0.00024 0.00033 0.00022 0.00024 0.00016  0.00881 0.00838 0.00876 0.00846 0.00982 
Zn  0.1431 0.1771 0.269 0.1269 0.167 0.1716 0.1462 0.1485  0.1945 0.1661 0.1777 0.1718 0.2049 
Rb  0 0 0 0.0565 0 0 0 0.0557  0.0404 0.0042 0 0.0115 0.0281 
Sr  0.0102 0.0101 0.0131 0.0196 0.0334 0.0093 0.0335 0.0068  4.23 3.95 4.26 4.18 4.26 
Y   23.28 25.59 21.77 15.15 18.36 12.31 14.48 13.21  0.381 0.368 0.341 0.378 0.328 
Zr   0.54 0.457 0.572 0.513 0.477 0.479 0.637 0.381  1.982 1.952 1.86 1.997 1.8 
Nb   0 0 0 0.029 0.0052 0 0 0  0 0 0.0045 0 0 
Ba  0 0 0 0 0.0027 0 0 0  0 0 0 0.104 0 
La  0.0065 0 0 0 0 0 0 0.02  0.068 0.035 0.064 0.097 0.075 
Ce  0.0237 0.0118 0.0224 0 0.0188 0 0 0.119  0.262 0.185 0.263 0.263 0.319 
Pr  0.256 0.13 0.146 0.51 0.266 0.217 0.213 0.054  0.988 0.728 0.906 0.911 0.977 
Nd  0.84 0.747 0.94 0.48 1.15 0.873 0.717 0.447  2.61 2.13 2.42 2.27 2.4 
Sm  6.26 4.86 6.65 4.98 5.43 5.06 4.78 3.88  4.33 4.46 4.22 4.66 4.52 
Eu  9.91 8.51 11.14 9.26 9.42 10.02 9.08 7.43  3.45 3.22 3.18 3.5 3.65 
Gd  14.06 12.74 14.05 12.24 12.51 10.95 11.94 10.53  2.26 2.51 2.58 2.62 2.15 
Tb  15.34 15.38 15.59 13.67 12.87 11.46 13.5 10.5  1.29 1.04 1.28 1.44 1.37 
Dy  20.54 22.81 20.92 15.4 16.92 13.21 16.03 13.18  0.76 0.667 0.693 0.732 0.712 
Ho  24.72 26.44 20.62 14.59 18.38 12.07 13.9 12.37  0.413 0.353 0.39 0.38 0.297 
Er  26.04 27.72 20.04 14.18 20.22 11.64 12.59 13  0.231 0.206 0.257 0.248 0.213 
Tm  26.09 29.67 19.26 13.58 21.21 12.04 12.29 12.42  0.38 0 0.166 0.243 0 
Yb  22.99 27.94 18.96 14.44 21.96 10.96 11.54 12.48  0.063 0.125 0.098 0.116 0.097 
Lu  25.87 30.39 18.35 13.04 20.73 10.23 9.79 12.28  0 0 0 0.181 0 
Hf  0.61 0.372 0.436 0.301 0.383 0.332 0.394 0.127  3.88 4.35 4.66 4.71 4.64 
Ta  0 0 0.28 0 0.173 0 0 0  0 0 0 0 0 
Pb  0.0088 0 0 0.0132 0.0119 0.0146 0.0105 0.008  0.0534 0.041 0.0724 0.0572 0.0599 
Th  0 0 0 0 0 0 0 0  0.212 0 0 0 0 







446 Table D.4 (continued) 
 
  
Trace Element Concentrations MDL filtered.       117200-144 
  GT             
Element  079gt11 080gt12 081gt13 082gt14 084gt21 085gt22 086gt23 
Li  1.743 1.276 1.858 1.226 0.564 1.217 1.047 
Si   205613.77 188042.94 216837.77 183129.28 165997.61 184560.64 189748.14 
Si   204254.02 186449.47 214802.89 182510.69 167451.08 188075.58 191408.56 
Ca   8.41 8.41 8.41 8.41 8.41 8.41 8.41 
Ca   60467.8 61677.16 59721.2 60670.14 60593.93 60961.9 60284.65 
Sc   80.67 71.92 70.15 69.43 65.19 68.59 60.33 
Ti  1070.91 672.28 903.96 570.64 632.62 879.71 727.66 
V  143.79 141.41 162.63 149.68 176.1 190.23 188.68 
Cr  1232.84 1214.65 1440.71 1137.37 1266.15 1534.18 1558.66 
Mn  3855.58 3611.8 4419.84 3594.95 3388.57 3868.15 3975.96 
Co  72.85 67.02 83.66 63.41 58.24 66.92 68.63 
Ni  10.48 8.67 11.39 8.36 8.47 11.29 10.65 
Zn  39.07 37.04 49.11 35.51 34.34 39.81 41.74 
Rb  <0.035 <0.031 <0.027 <0.026 <0.018 <0.021 <0.0203 
Sr  0.203 0.217 0.225 0.14 0.608 0.237 0.193 
Y   46.27 35.1 36.59 33.07 34.89 37.15 33.41 
Zr   7.22 5.89 5.93 5.82 9.57 10.28 8.9 
Nb   <0.0179 <0.0060 0.0213 <0.0161 0.0029 <0.0185 <0.0083 
Ba  <0.061 <0.123 <0.039 0.016 0.087 <0.035 1.4 
La  0.0044 <0.0214 <0.0057 <0.0066 <0.0082 <0.0036 <0.0083 
Ce  0.077 0.069 0.0696 0.06 0.0523 0.085 0.0656 
Pr  0.0563 0.0488 0.0381 0.038 0.0361 0.0539 0.0467 
Nd  0.786 0.77 0.675 0.696 0.826 0.809 0.918 
Sm  1.38 1.42 1.39 1.19 1.5 1.43 1.51 
Eu  0.709 0.701 0.638 0.626 0.807 0.843 0.789 
Gd  3.73 4.07 3.31 3.62 3.99 4.38 4.1 
Tb  0.928 0.824 0.858 0.829 0.915 0.93 0.894 
Dy  7.68 7.05 6.74 6.47 7.23 7.23 6.91 
Ho  1.78 1.32 1.465 1.333 1.472 1.465 1.367 
Er  5.56 3.93 4.06 3.84 3.84 3.98 3.43 
Tm  0.759 0.574 0.549 0.512 0.517 0.493 0.454 
Yb  4.86 2.79 3.11 3.42 3.19 3.2 2.75 
Lu  0.728 0.379 0.429 0.467 0.413 0.392 0.368 
Hf  0.108 0.065 0.091 0.092 0.143 0.158 0.157 
Ta  <0.0074 <0.0071 <0.0067 0.002 <0.0068 <0.0030 <0.0035 
Pb  0.038 <0.074 0.061 0.034 0.031 <0.039 0.097 
Th  0.0048 <0.0183 <0.0058 <0.00 <0.0034 <0.0037 <0.0052 







447 Table D.4 (continued) 
 
  
1 sigma error.           117200-144 
  GT             
Element  079gt11 080gt12 081gt13 082gt14 084gt21 085gt22 086gt23 
Li  0.086 0.067 0.085 0.068 0.044 0.067 0.056 
Si   10331.1 9463.94 10918.15 9261.71 8429.01 9398.38 9674.79 
Si   10081.93 9216.03 10617.94 9060.59 8340.26 9390.63 9564.16 
Ca   0.27 0.27 0.27 0.27 0.27 0.27 0.27 
Ca   1990.6 2033.29 1965.46 2012.46 2016.44 2035.64 2011.66 
Sc   3 2.69 2.62 2.64 2.51 2.66 2.35 
Ti  38.53 24.47 32.56 21.13 23.45 32.59 26.97 
V  5.38 5.33 6.15 5.75 6.89 7.53 7.53 
Cr  74.97 75.4 91.34 73.95 86.49 107.58 112.15 
Mn  537.59 520.49 659.25 555.96 564.56 669.53 715.09 
Co  2.66 2.46 3.04 2.35 2.17 2.5 2.55 
Ni  0.63 0.55 0.62 0.55 0.54 0.68 0.61 
Zn  2.28 2.2 2.84 2.19 2.16 2.53 2.64 
Rb  0.014 0.014 0.012 0.01 0.011 0.012 0.0084 
Sr  0.023 0.024 0.021 0.02 0.043 0.025 0.019 
Y   1.93 1.49 1.56 1.44 1.56 1.68 1.53 
Zr   0.31 0.26 0.24 0.26 0.38 0.41 0.35 
Nb   0.0077 0.0035 0.0076 0.005 0.0029 0.0071 0.0033 
Ba  0.032 0.046 0.022 0.016 0.038 0.027 0.13 
La  0.0031 0.0067 0.0032 0.0039 0.0043 0.0032 0.0042 
Ce  0.013 0.012 0.01 0.011 0.0098 0.013 0.0094 
Pr  0.0094 0.009 0.0065 0.0083 0.0076 0.009 0.0074 
Nd  0.089 0.087 0.069 0.085 0.087 0.088 0.081 
Sm  0.13 0.13 0.11 0.12 0.13 0.13 0.12 
Eu  0.05 0.05 0.041 0.048 0.054 0.056 0.048 
Gd  0.26 0.27 0.21 0.26 0.27 0.29 0.25 
Tb  0.051 0.046 0.044 0.048 0.05 0.052 0.047 
Dy  0.33 0.31 0.28 0.3 0.32 0.32 0.29 
Ho  0.083 0.066 0.067 0.069 0.072 0.073 0.065 
Er  0.28 0.21 0.2 0.21 0.21 0.22 0.19 
Tm  0.043 0.036 0.031 0.035 0.033 0.033 0.028 
Yb  0.27 0.18 0.18 0.22 0.2 0.2 0.17 
Lu  0.045 0.029 0.028 0.035 0.031 0.03 0.026 
Hf  0.023 0.018 0.019 0.023 0.027 0.029 0.024 
Ta  0.0029 0.0042 0.0024 0.002 0.0032 0.0027 0.0011 
Pb  0.016 0.032 0.015 0.017 0.012 0.017 0.018 
Th  0.0028 0.0075 0.0021 <0.00 0.0011 0.0011 0.0019 







448 Table D.4 (continued) 
 
  
Trace element concentrations normalised to chondrite.       
  GT             
Element  079gt11 080gt12 081gt13 082gt14 084gt21 085gt22 086gt23 
Li  0.726 0.532 0.774 0.511 0.235 0.507 0.436 
Si   1.285 1.175 1.355 1.145 1.037 1.154 1.186 
Si   1.277 1.165 1.343 1.141 1.047 1.175 1.196 
Ca   4.45 4.45 4.45 4.45 4.45 4.45 4.45 
Ca   4.48 4.57 4.42 4.49 4.49 4.52 4.47 
Sc   9.34 8.32 8.12 8.04 7.54 7.94 6.98 
Ti  1.637 1.028 1.382 0.873 0.967 1.345 1.113 
V  1.692 1.664 1.913 1.761 2.072 2.238 2.22 
Cr  0.31 0.306 0.362 0.286 0.319 0.386 0.392 
Mn  1.31 1.23 1.5 1.22 1.15 1.32 1.35 
Co  0.0954 0.0877 0.1095 0.083 0.0762 0.0876 0.0898 
Ni  0.00064 0.00053 0.00069 0.00051 0.00051 0.00068 0.00065 
Zn  0.0846 0.0802 0.1063 0.0769 0.0743 0.0862 0.0903 
Rb  0 0 0 0 0 0 0 
Sr  0.0171 0.0182 0.0189 0.0118 0.0511 0.0199 0.0162 
Y   20.57 15.6 16.26 14.7 15.5 16.51 14.85 
Zr   1.303 1.063 1.071 1.051 1.727 1.856 1.606 
Nb   0 0 0.057 0 0.0077 0 0 
Ba  0 0 0 0.0047 0.025 0 0.412 
La  0.012 0 0 0 0 0 0 
Ce  0.081 0.072 0.073 0.063 0.055 0.088 0.0686 
Pr  0.411 0.356 0.278 0.277 0.263 0.393 0.341 
Nd  1.11 1.08 0.95 0.98 1.16 1.14 1.29 
Sm  5.99 6.16 6.02 5.15 6.49 6.17 6.55 
Eu  8.15 8.06 7.34 7.19 9.28 9.68 9.07 
Gd  12.19 13.29 10.82 11.82 13.05 14.32 13.39 
Tb  16 14.21 14.79 14.29 15.78 16.03 15.42 
Dy  20.17 18.5 17.69 16.98 18.98 18.98 18.13 
Ho  20.92 15.51 17.22 15.67 17.3 17.21 16.07 
Er  22.31 15.77 16.29 15.42 15.42 15.98 13.79 
Tm  21.31 16.12 15.42 14.4 14.51 13.85 12.75 
Yb  19.58 11.26 12.55 13.79 12.87 12.9 11.07 
Lu  19.1 9.94 11.26 12.27 10.85 10.29 9.65 
Hf  0.6 0.37 0.51 0.52 0.8 0.88 0.88 
Ta  0 0 0 0.076 0 0 0 
Pb  0.0104 0 0.0166 0.0094 0.0085 0 0.0265 
Th  0.113 0 0 0 0 0 0 







449 Table D.4 (continued) 
 
  
Trace Element Concentrations MDL filtered.             117200-144 
  CPX                     
Element  073cpx11 074cpx12 075cpx13 076cpx21 077cpx22 078cpx23 083cpx3 087cpx41 088cpx42 089gt31 090gt32 
Li  9.45 8.14 7.81 6.7 7 7.67 8.3 39.78 37.09 6.47 6.59 
Si   237177.75 245206.45 249943.83 233366.67 241920.91 247573.86 246504.44 234447.86 239904.98 234616.58 241287.63 
Si   237538.28 243291.63 247790.84 235977.59 243167.19 240449.59 244887.81 236480.89 243122.91 234680.58 249230.39 
Ca   21.69 21.69 21.69 21.69 21.69 21.69 21.69 21.69 21.69 21.69 21.69 
Ca   155429 155232.52 156212.95 154959.19 154152.19 154008.34 155606.92 155392.2 152508.38 154540.52 154064.92 
Sc   30.59 29.82 28.79 29.97 29.37 28.7 30.64 31.9 30.24 30 28.26 
Ti  545.28 507.31 528.36 483.87 503.36 507.92 602.93 584.07 486.61 389.16 489.36 
V  370.68 389.07 395.05 363.24 385.08 390.75 369.57 361.84 402.17 378.51 390.39 
Cr  938.2 1066.95 986.08 898.41 985.73 878.41 950.84 823.45 1046.82 919.62 843.18 
Mn  211.55 234.33 248.28 222.5 236.04 246.47 319.74 256.18 260.68 239.35 251.07 
Co  35.1 37.85 39.87 35 37.73 38.53 37.02 35.61 38.53 34.51 42.73 
Ni  380.59 394.05 404.02 351.62 376.51 410.75 385.42 328.81 366.85 366.72 530.93 
Zn  44.64 50.74 57.13 47.92 52.66 55.66 49.52 48.95 49.5 43.36 51.66 
Rb  <0.0144 0.0151 <0.0074 0.0231 <0.0087 0.0135 <0.0141 <0.0176 <0.0102 <0.0099 0.135 
Sr  239.98 180.46 194.06 205.34 217.62 186.71 160.89 173.1 172.88 167.75 218.97 
Y   0.518 0.549 0.593 0.555 0.539 0.576 0.91 0.748 0.671 0.611 0.502 
Zr   5.17 5.19 4.89 4.67 4.78 4.72 6.7 6.01 5.33 4.25 4.34 
Nb   <0.0058 0.0015 <0.0106 0.0018 <0.0038 <0.00 <0.0044 <0.0048 <0.0053 <0.0181 0.017 
Ba  0.027 <0.023 <0.0111 0.086 <0.0184 <0.187 <0.026 <0.0163 0.045 <0.024 <0.0213 
La  0.0737 0.0777 0.0807 0.0703 0.0602 0.088 0.119 0.123 0.092 0.0496 0.0675 
Ce  0.879 0.951 0.997 1.097 0.956 0.776 1.485 1.34 1.184 0.887 0.853 
Pr  0.378 0.425 0.45 0.39 0.358 0.412 0.558 0.532 0.47 0.334 0.382 
Nd  3.56 3.44 3.67 3.45 3.4 3.28 4.46 4.63 3.96 3.15 3.17 
Sm  1.57 1.56 1.545 1.51 1.62 1.445 1.89 1.85 1.52 1.324 1.485 
Eu  0.444 0.346 0.434 0.431 0.409 0.396 0.507 0.484 0.445 0.352 0.398 
Gd  1.106 1.148 1.156 1.151 1.206 1.125 1.47 1.28 1.32 1.174 1.009 
Tb  0.106 0.124 0.0989 0.1 0.102 0.0934 0.128 0.119 0.122 0.1018 0.0947 
Dy  0.276 0.31 0.282 0.254 0.284 0.362 0.435 0.372 0.389 0.351 0.32 
Ho  0.0244 0.0229 0.0242 0.0239 0.0259 0.0182 0.047 0.0275 0.0243 0.0101 0.0239 
Er  0.0084 <0.0086 0.0244 <0.0159 0.0381 0.0311 0.053 0.049 0.049 0.0249 0.0164 
Tm  <0.0028 0.0039 0.00187 <0.0017 <0.0013 0.004 0.0028 0.0025 <0.00130 0.0035 0.0025 
Yb  0.0075 <0.0105 0.0076 <0.0080 <0.0104 0.0083 0.022 0.0155 0.0222 <0.0066 0.0097 
Lu  <0.0023 <0.00 <0.00157 <0.0024 <0.0018 <0.0017 0.0027 <0.0028 <0.0018 0.0013 <0.00108 
Hf  0.439 0.412 0.365 0.39 0.397 0.373 0.479 0.481 0.413 0.383 0.352 
Ta  <0.0039 <0.00276 <0.00191 <0.0051 <0.00158 <0.0025 0.00098 <0.0020 <0.00157 <0.00173 <0.00 
Pb  3.27 2.4 2.79 2.64 3.1 2.74 1.68 1.91 2.65 1.98 3.28 
Th  <0.0055 <0.00297 <0.00205 <0.0041 <0.0014 <0.00 0.0038 0.0032 <0.00273 <0.00150 <0.0026 







450 Table D.4 (continued) 
 
  
1 sigma error.                   117200-144 
  CPX                     
Element  073cpx11 074cpx12 075cpx13 076cpx21 077cpx22 078cpx23 083cpx3 087cpx41 088cpx42 089gt31 090gt32 
Li  0.35 0.3 0.29 0.26 0.27 0.29 0.34 1.66 1.57 0.29 0.29 
Si   11771.41 12178.58 12421.45 11618.75 12059.11 12358.91 12433.53 11959.36 12273.08 12042.55 12424.83 
Si   11590.3 11878.06 12102.95 11545.95 11909.56 11791.09 12116.55 11814.94 12176.02 11786.96 12551.51 
Ca   0.69 0.69 0.69 0.69 0.69 0.69 0.69 0.69 0.69 0.69 0.69 
Ca   5022.48 5017.44 5048.13 5020.82 4999.1 5001.09 5110.57 5170.19 5089.16 5176.85 5178.36 
Sc   1.11 1.08 1.04 1.1 1.08 1.06 1.17 1.26 1.2 1.2 1.14 
Ti  19.2 17.87 18.5 17.19 17.86 18.05 21.84 21.7 18.16 14.67 18.43 
V  13.28 13.97 14.22 13.16 14.02 14.32 14.15 14.54 16.36 15.61 16.32 
Cr  52.35 59.99 55.99 51.71 57.59 52.22 63.16 60.81 79.44 71.74 67.61 
Mn  25.53 28.73 31.03 28.46 30.99 33.3 51.29 47.89 50.64 48.33 52.67 
Co  1.26 1.35 1.41 1.26 1.36 1.39 1.36 1.34 1.44 1.3 1.61 
Ni  15.6 16.17 16.59 14.59 15.67 17.18 16.84 15.07 16.98 17.2 25.16 
Zn  2.38 2.68 2.99 2.59 2.85 3.03 2.92 3.11 3.19 2.85 3.44 
Rb  0.0064 0.0069 0.0039 0.0084 0.0056 0.006 0.0079 0.0087 0.0056 0.0047 0.013 
Sr  7.96 5.99 6.44 6.85 7.27 6.26 5.52 6.09 6.12 5.98 7.85 
Y   0.034 0.034 0.032 0.036 0.034 0.035 0.053 0.048 0.042 0.039 0.031 
Zr   0.21 0.2 0.18 0.19 0.19 0.19 0.26 0.24 0.21 0.17 0.17 
Nb   0.0025 0.0015 0.0037 0.0018 0.0012 <0.00 0.0014 0.003 0.0021 0.0081 0.0045 
Ba  0.017 0.012 0.0034 0.03 0.0095 0.064 0.011 0.01 0.019 0.016 0.008 
La  0.0098 0.0095 0.008 0.0099 0.0086 0.01 0.015 0.013 0.01 0.0091 0.0072 
Ce  0.041 0.042 0.04 0.049 0.043 0.04 0.062 0.059 0.051 0.04 0.036 
Pr  0.021 0.022 0.02 0.022 0.02 0.022 0.028 0.028 0.023 0.019 0.018 
Nd  0.17 0.16 0.15 0.17 0.16 0.16 0.2 0.21 0.18 0.15 0.14 
Sm  0.11 0.1 0.088 0.11 0.11 0.099 0.12 0.13 0.1 0.092 0.088 
Eu  0.029 0.027 0.024 0.03 0.028 0.026 0.032 0.033 0.029 0.026 0.024 
Gd  0.093 0.09 0.078 0.098 0.096 0.09 0.11 0.11 0.1 0.094 0.076 
Tb  0.01 0.011 0.0078 0.01 0.0096 0.0096 0.011 0.011 0.01 0.0093 0.0077 
Dy  0.032 0.033 0.026 0.033 0.032 0.036 0.042 0.039 0.036 0.034 0.028 
Ho  0.0048 0.0043 0.0036 0.0048 0.0048 0.0038 0.0066 0.0051 0.0043 0.0052 0.0037 
Er  0.0052 0.0047 0.0068 0.0095 0.0096 0.0089 0.012 0.013 0.01 0.0083 0.0054 
Tm  0.0017 0.0019 0.00094 0.0014 0.0012 0.0018 0.0017 0.0019 0.00078 0.0017 0.0012 
Yb  0.0053 0.0058 0.0053 0.0047 0.0032 0.006 0.01 0.0096 0.0098 0.0036 0.0057 
Lu  0.0011 <0.00 0.00067 0.0017 0.0012 0.0014 0.0017 0.0012 0.0013 0.00092 0.00073 
Hf  0.038 0.035 0.027 0.036 0.035 0.033 0.041 0.043 0.036 0.034 0.029 
Ta  0.0016 0.00085 0.00059 0.0016 0.00049 0.0012 0.00098 0.0016 0.00095 0.00053 <0.00 
Pb  0.25 0.19 0.21 0.21 0.25 0.22 0.16 0.2 0.28 0.22 0.37 
Th  0.0017 0.00092 0.00063 0.0026 0.0012 <0.00 0.002 0.0019 0.00084 0.00083 0.001 







451 Table D.4 (continued) 
 
  
Trace element concentrations normalised to chondrite.      117200-144
  CPX           
Element  073cpx11 074cpx12 075cpx13 076cpx21 077cpx22 078cpx23 083cpx3 087cpx41 088cpx42 089gt31 090gt32 
Li  3.94 3.39 3.26 2.79 2.92 3.19 3.46 16.57 15.46 2.7 2.75 
Si   1.482 1.533 1.562 1.459 1.512 1.547 1.541 1.465 1.499 1.466 1.508 
Si   1.485 1.521 1.549 1.475 1.52 1.503 1.531 1.478 1.52 1.467 1.558 
Ca   11.48 11.48 11.48 11.48 11.48 11.48 11.48 11.48 11.48 11.48 11.48 
Ca   11.51 11.5 11.57 11.48 11.42 11.41 11.53 11.51 11.3 11.45 11.41 
Sc   3.54 3.45 3.33 3.47 3.4 3.32 3.55 3.69 3.5 3.47 3.27 
Ti  0.834 0.776 0.808 0.74 0.77 0.777 0.922 0.893 0.744 0.595 0.748 
V  4.36 4.58 4.65 4.27 4.53 4.6 4.35 4.26 4.73 4.45 4.59 
Cr  0.236 0.268 0.248 0.226 0.248 0.221 0.239 0.207 0.263 0.231 0.212 
Mn  0.072 0.0797 0.084 0.0757 0.08 0.084 0.109 0.087 0.089 0.081 0.085 
Co  0.0459 0.0495 0.0522 0.0458 0.0494 0.0504 0.0485 0.0466 0.0504 0.0452 0.0559 
Ni  0.02307 0.02388 0.0245 0.02131 0.02282 0.0249 0.0234 0.01993 0.0222 0.0222 0.0322 
Zn  0.0966 0.1098 0.1237 0.1037 0.114 0.1205 0.1072 0.106 0.1071 0.0939 0.1118 
Rb  0 0.0044 0 0.0067 0 0.0039 0 0 0 0 0.039 
Sr  20.17 15.16 16.31 17.26 18.29 15.69 13.52 14.55 14.53 14.1 18.4 
Y   0.23 0.244 0.264 0.247 0.24 0.256 0.404 0.333 0.298 0.271 0.223 
Zr   0.933 0.937 0.883 0.843 0.863 0.853 1.21 1.085 0.962 0.768 0.783 
Nb   0 0.004 0 0.0048 0 0 0 0 0 0 0.045 
Ba  0.008 0 0 0.0251 0 0 0 0 0.0131 0 0 
La  0.201 0.212 0.22 0.192 0.164 0.24 0.325 0.336 0.252 0.135 0.184 
Ce  0.919 0.994 1.042 1.146 0.999 0.811 1.552 1.4 1.237 0.927 0.892 
Pr  2.76 3.1 3.28 2.85 2.61 3.01 4.08 3.89 3.43 2.44 2.79 
Nd  5.01 4.84 5.16 4.85 4.78 4.62 6.27 6.51 5.58 4.44 4.46 
Sm  6.79 6.77 6.69 6.52 7 6.25 8.2 8.03 6.6 5.73 6.43 
Eu  5.1 3.98 4.99 4.96 4.7 4.55 5.83 5.56 5.12 4.04 4.57 
Gd  3.61 3.75 3.78 3.76 3.94 3.68 4.8 4.18 4.31 3.84 3.3 
Tb  1.83 2.14 1.71 1.73 1.76 1.61 2.21 2.06 2.1 1.76 1.63 
Dy  0.725 0.814 0.74 0.666 0.746 0.95 1.14 0.98 1.022 0.921 0.841 
Ho  0.287 0.269 0.284 0.281 0.305 0.214 0.552 0.323 0.286 0.118 0.28 
Er  0.034 0 0.098 0 0.153 0.125 0.212 0.197 0.198 0.1 0.066 
Tm  0 0.109 0.053 0 0 0.112 0.078 0.07 0 0.099 0.069 
Yb  0.03 0 0.031 0 0 0.034 0.087 0.063 0.09 0 0.039 
Lu  0 0 0 0 0 0 0.072 0 0 0.034 0 
Hf  2.45 2.3 2.04 2.18 2.22 2.08 2.68 2.69 2.31 2.14 1.96 
Ta  0 0 0 0 0 0 0.038 0 0 0 0 
Pb  0.897 0.658 0.765 0.722 0.848 0.75 0.461 0.523 0.726 0.541 0.9 
Th  0 0 0 0 0 0 0.088 0.075 0 0 0 







452 Table D.4 (continued) 
 
  
Trace Element Concentrations MDL filtered.               DJ0295 
  GT          CPX         
Element  e0295gt1 j0295gt2 l0295gt3 m0295gt4 n0295gt5  f0295cp1 g0295cp2 h0295cp3 i0295cp4 k0295cp5 
Li             





              
Ca   47320.16 48084.5 47686.82 47756.56 48436.52  119545.73 124998.81 114580.28 123704.94 124740.4 
Ca   42882.03 42882.04 42882.04 42882.04 42882.04  114352.08 114352.09 114352.09 114352.09 114352.09 
Sc   45.55 58.94 71.26 56.15 68.54  32.27 33.97 30.47 34.4 35.87 
Ti  478.75 566.09 612.36 599.5 655.69  1403.31 1496.79 1325.48 1532.37 1578.81 
V  182.19 140.94 142.41 151.07 151.06  612.53 628.14 632.67 630.78 625.08 
Cr  265.33 369.62 412.51 405.09 447.29  502.28 523.78 562.37 523.1 514.06 
Mn  2147.17 3042.69 3228.85 3013.84 3360.52  390.94 397.48 450.43 398.85 398.29 
             
Ni  5.12868 6.18 6.1 6.77 6.3  95.17 95.37 105.37 98.38 96.44 
             
Rb  0.037002 <0.038 <0.033 0.011314 0.039773  <0.02 0.019855 <0.0132 0.0018136 <0.0222 
Sr  0.491692 0.444 0.59775 0.60493 0.633  487.66 508.36 467.33 522.81 499.34 
Y   33.94 46.59 63.24 44.02 60.33  4.14 4.32 3.67 3.82 4.57 
Zr   12.87 40.77 50.56 40.89 53.03  97.48 103.24 88.38 98.78 108.07 
Nb   0.135881 0.171 0.157277 0.14048 0.145  1.0044 1.06 0.908 1.005 1.12657 
Ba  <0.032 <0.107 0.080795 <0.029 0.020202  0.0436 0.10893 0.13 0.179866 0.056 
La  0.05777 0.0354 0.0477 0.0392 0.0336  8.78 9.05 8.35 9.27 9.45 
Ce  0.57643 0.59766 0.58759 0.59 0.587  31.8 32.28 32.46 33.32 32.6 
Pr  0.31368 0.292708 0.301 0.304 0.278  5.65 5.92 5.43 5.77 6.0042 
Nd  2.9694 3.6 3.64 3.8 3.78  26.71 27.53 24.84 27.37 28.84 
Sm  1.65 3.13 3.07 3.06 3.38  4.55 4.68 4.1 4.54 4.85 
Eu  0.61572 1.344 1.489 1.354 1.552  1.105 1.118 1.026 1.143 1.148 
Gd  2.44 4.74 5.6 4.76 5.88  2.61 2.81 2.286 2.51 2.84 
Tb  0.5 0.958 1.2094 0.926 1.168  0.265442 0.281 0.244 0.265 0.296804 
Dy  4.83 7.5 9.49 7.04 9.1  1.272 1.264 1.063 1.153 1.328 
Ho  1.267 1.687 2.182 1.649 2.165  0.153 0.172 0.1501 0.153978 0.194 
Er  4.39 5.53 7.04 5.18 6.63  0.298702 0.361 0.333 0.296 0.411 
Tm  0.692401 0.824 1.09 0.83 0.998  0.039938 0.0385 0.0349 0.0277 0.0406 
Yb  4.93 5.88 7.56 5.82 6.83  0.176 0.199 0.181 0.167 0.212 
Lu  0.856 0.991 1.223 0.981 1.09726  0.032303 0.0176 0.0202 0.0184 0.022765 
Hf  0.169 0.371 0.513 0.393 0.5  4.45 4.55 3.89 4.24 4.66 
Ta  0.013 <0.0120 <0.0085 <0.0061 0.0113  0.161963 0.18 0.1626 0.180677 0.188 
             
Th  0.016458 0.0174 0.010482 0.009506 0.011426  0.307 0.338 0.291 0.320276 0.349 







453 Table D.5 – Trace element for Kimberley in ppm (data from Dr. Dorrit Jacob). 
 
  
Trace Element Concentrations MDL filtered.           DJ0296 
  GT        CPX       
Element  d96gt1 e96gt2 k96gt3 l96gt4  f96cpx1 g96cpx2 h96cpx3 i96cpx4 
Li  0.116 0.133598 0.11625 0.163  0.937 0.961 1.061 1.183 
Si   172006.92 165767.02 241938.42 187304.77  200913.5 206180.28 205156.42 211680.17 
Si            
Ca   35205.26 35267.86 37151.61 36247.51  115761.09 115018.3 114449.34 114951.36 
Ca   6 6 6 6  16 16 16 16 
Sc   54.34 54.28 77.4 59.82  25.7 26.44 25.88 25.75 
Ti  575.4 612.62 754.18 637.09  1291.2 1196.99 1352.14 1566.97 
V  112.9 127.59 139.74 114.12  486.27 415.54 437.19 448.2 
Cr  418.67 387.86 555.57 493.83  397.46 405.2 348.7 340.92 
Mn  2916.43 2721.43 4172.06 3254.28  337.15 337.79 323.48 324.14 
Co           
Ni  14.44 16.27 19.33 15.44  202.47 197.55 205.38 225.39 
Zn           
Rb  0.003518 <0.0144 <0.033 <0.0171  0.0125 <0.0086 <0.0065 <0.0076 
Sr  0.231 0.207 0.27 0.35  478.78 476.59 461.37 455.01 
Y   47.63 48.87 65.27 49.73  5.26 5.45 5.05 4.86 
Zr   9.284 7.58 27.85 14.02  67.35 68.51 67.02 65.75 
Nb   0.0416 0.0553 <0.031 0.0518  0.321 0.29 0.341 0.379 
Ba  0.058 <0.050 <0.085 <0.041  0.026 0.037 0.02243 <0.029 
La  0.0337 0.0213 <0.0189 0.0298  11.45 11.5 11.15 11.42 
Ce  0.315 0.298068 0.305 0.893  36 36.01 35.32 34.84 
Pr  0.1063 0.1335 0.1 0.141  5.47 5.53 5.44 5.3 
Nd  1.177 1.042 1.529 1.465  22.66 22.73 22.29 22.15 
Sm  0.92 0.79 1.51 1.172  3.6 3.81 3.33 3.35 
Eu  0.462 0.379 0.689 0.574  0.899 0.952 0.882 0.832 
Gd  2.31 2.23 3.66 2.66  2.57 2.74 2.62 2.52 
Tb  0.621598 0.605 0.913 0.722  0.31 0.332 0.306 0.288 
Dy  6.05 6.2 9.18 6.93  1.59 1.543 1.422 1.387 
Ho  1.743 1.788 2.31 1.821  0.216 0.227 0.192 0.197 
Er  5.95 6.14 7.94 6.38  0.391 0.441 0.393 0.365 
Tm  0.925 1.002 1.218 1.015  0.0432 0.0428 0.0381 0.0314 
Yb  6.84 7.28 8.59 7.55  0.164 0.217 0.164 0.15 
Lu  1.215 1.258 1.417 1.299  0.0215 0.0261 0.018 0.0197 
Hf  0.084 0.09 0.186 0.129  2.081 2.31 2.018 1.862 
Ta  <0.0104 <0.0074 <0.030 0.0085  0.0379 0.0309 0.0399 0.0502 
Pb           
Th  <0.0107 <0.0094 <0.028 0.0092  0.327 0.285 0.329 0.389 







454 Table D.5 (continued) 
 
  
Trace Element Concentrations MDL filtered.           RG01 
  GT        CPX       
Element  GRT2 GRT1 GT03 GT09  PX04 PX05 PX06 PX07 
Si  186970 186970 233720 186970  233720 233720 233720 233720 
Ti  2232.3 2370.4 2801.4 2257.5  2802.3 2524.7 2701.8 2695.6 
Sr  0.36266 0.37729 0.45551 0.4035  64.999 59.032 65.075 63.42 
Y  26.837 29.865 35.915 28.043  4.6483 4.5785 4.5995 4.7604 
Zr  35.445 38.667 47.365 38.759  15.013 13.226 14.762 14.706 
Nb  0.063663 0.081692 0.12518 0.095885  0.20898 0.14348 0.12334 0.16082 
Ba  0.11405 0.0459 0.07263 0.25824  0.12555 0.14404 0.20043 0.17419 
La  0.022381 0.023933 0.011141 0.052386  1.1712 1.1533 1.2423 1.308 
Ce  0.13349 0.1368 0.23341 0.21471  4.2288 3.9076 4.0571 4.2382 
Pr  0.071996 0.075416 0.10752 0.064893  0.82202 0.72679 0.74107 0.69913 
Nd  0.89656 0.82176 1.136 1.0838  5.1441 4.2861 4.8614 4.9912 
Sm  0.93256 1.0204 1.058 0.89163  1.8004 1.5019 1.7137 1.6086 
Eu  0.52092 0.4349 0.63399 0.56286  0.62346 0.46267 0.64623 0.62456 
Gd  2.1494 2.6748 2.8696 2.1047  1.7084 1.5654 1.6012 1.6912 
Tb  0.48759 0.56129 0.69261 0.52927  0.28102 0.23297 0.22498 0.21054 
Dy  4.7127 5.1659 6.1299 4.9022  1.3853 1.4859 1.5876 1.504 
Ho  1.0739 1.3791 1.6369 1.1274  0.17037 0.19626 0.20703 0.21235 
Er  3.7296 4.2831 4.9771 3.83  0.59738 0.60644 0.54476 0.48559 
Tm  0.65184 0.64225 0.81816 0.67007  0.038188 0.076626 0.074218 0.044906 
Yb  4.0341 4.4404 5.4813 4.3404  0.70977 0.56408 0.37496 0.56101 
Lu  0.60877 0.70852 0.898 0.76366  0.023547 0.030159 0.037447 0.039858 
Hf  1.5008 0.90654 1.6047 1.0779  0.91164 0.75152 0.71716 0.66808 
Ta  0.10202 0.12466 0.10232 0.12868  0.20489 0.14163 0.10349 0.081508 































             
  DEJ02      DEJ03      DJ0285     
La  0.048 1.759 0.305  0.030 4.033 3.032  0.035 2.915 1.043 
Ce  0.114 2.759 0.511  0.111 6.510 4.910  0.158 4.762 1.770 
Pr  0.443 3.870 0.957  0.227 8.572 6.486  0.457 6.468 2.561 
Nd  1.239 3.960 1.647  0.645 8.495 6.532  1.054 6.415 2.930 
Sm  2.293 2.357 2.303  1.305 5.250 4.264  2.743 4.313 3.293 
Eu  3.740 1.981 3.476  2.580 4.498 4.019  4.078 3.182 3.765 
Gd  1.783 1.024 1.669  2.118 2.878 2.688  5.065 2.507 4.170 
Tb  1.400 0.525 1.269  2.327 1.875 1.988  5.578 1.577 4.178 
Dy  1.209 0.367 1.083  3.250 1.308 1.794  7.020 1.157 4.968 
Ho  1.028 0.172 0.899  3.237 0.833 1.434  7.477 0.718 5.111 
Er  1.095 0.114 0.948  3.547 0.658 1.380  7.495 0.442 5.026 
Tm  1.290 0.071 1.107  4.217 0.482 1.415  7.635 0.340 5.082 
Yb  1.204 0.066 1.033  4.378 0.429 1.416  7.340 0.288 4.872 
Lu  1.412 0.090 1.213  4.640 0.308 1.391  7.658 0.094 5.011 
             
  DJ0287      DJ0288      R8A     
La  0.185 7.247 4.069  0.305 2.258 0.852  0.021 19.765 8.906 
Ce  0.272 11.044 6.197  0.348 3.715 1.291  0.096 24.153 10.922 
Pr  0.610 14.586 8.297  0.597 5.058 1.846  0.379 29.590 13.524 
Nd  1.145 14.319 8.390  1.086 5.295 2.264  0.962 31.338 14.631 
Sm  2.732 8.137 5.705  2.430 3.582 2.752  4.458 24.692 13.563 
Eu  3.502 5.686 4.703  3.395 2.870 3.248  6.455 18.420 11.839 
Gd  5.023 4.539 4.757  3.932 2.223 3.453  8.018 12.798 10.169 
Tb  6.420 3.179 4.637  4.367 1.257 3.496  8.660 6.405 7.645 
Dy  9.492 2.404 5.594  5.097 0.968 3.941  9.570 3.762 6.956 
Ho  11.375 1.630 6.015  4.793 0.571 3.611  9.267 1.845 5.927 
Er  13.885 1.347 6.989  4.647 0.375 3.451  8.863 1.106 5.372 
Tm  14.800 1.023 7.223  4.555 0.213 3.339  9.373 0.753 5.494 
Yb  16.072 0.758 7.649  4.217 0.130 3.072  9.190 0.454 5.259 
Lu  17.428 0.611 8.179  4.235 0.168 3.096  9.500 0.525 5.461 
             
  R30      DJ0295      DJ0296     
La  0.003 2.275 1.049  0.178 37.448 18.813  0.118 47.456 23.787 
Ce  0.049 2.817 1.327  0.972 53.741 27.357  0.749 58.787 29.768 
Pr  0.171 3.260 1.609  3.393 65.545 34.469  1.369 61.902 31.636 
Nd  0.419 3.355 1.811  7.986 60.736 34.361  2.925 50.410 26.668 
Sm  1.573 2.208 2.023  19.575 31.123 25.349  7.521 24.127 15.824 
Eu  4.128 3.313 4.166  23.108 20.145 21.627  9.564 16.205 12.884 
Gd  2.443 1.025 2.035  24.447 13.628 19.038  14.170 13.635 13.903 
Tb  2.545 0.517 1.867  26.452 7.512 16.982  19.872 8.583 14.228 
Dy  3.025 0.494 2.163  31.372 5.025 18.198  29.298 6.138 17.718 
Ho  3.032 0.263 2.061  32.310 2.971 17.641  34.576 3.755 19.165 
Er  3.118 0.153 2.066  36.257 2.142 19.200  41.604 2.505 22.054 
Tm  3.222 0.123 2.118  34.917 1.430 18.173  40.945 1.531 21.238 
Yb  3.390 0.037 2.187  39.093 1.178 20.135  47.669 1.095 24.382 
Lu  3.675 0.066 2.383  42.027 0.908 21.467  52.949 0.870 26.910 
Table D.7 – Chondrite normalised averages for garnet and clinopyroxene and recalculated whole rock (after 






















             
  B21      713      02073     
La  0.052 14.482 13.039  0.038 32.220 22.565  0.059 4.027 2.440 
Ce  0.450 25.550 23.040  0.133 56.795 39.796  0.353 5.773 3.605 
Pr  1.678 35.235 31.879  0.350 74.508 52.261  1.186 7.697 5.092 
Nd  4.117 34.565 31.520  0.661 63.468 44.626  3.117 8.258 6.202 
Sm  9.645 20.358 19.287  1.512 27.482 19.691  12.275 7.007 9.114 
Eu  11.037 13.555 13.303  2.168 18.018 13.263  14.872 5.150 9.039 
Gd  11.695 9.452 9.676  3.016 12.100 9.375  18.123 3.698 9.468 
Tb  11.547 4.828 5.500  4.193 6.683 5.936  16.785 1.823 7.808 
Dy  12.587 2.755 3.738  6.076 4.768 5.161  15.907 1.077 7.009 
Ho  10.862 1.468 2.408  7.558 3.012 4.376  13.087 0.537 5.557 
Er  10.738 0.917 1.899  8.920 2.167 4.193  11.493 0.311 4.784 
Tm  10.778 0.490 1.519  10.381 1.513 4.174  10.583 0.270 4.395 
Yb  11.462 0.330 1.443  11.346 1.007 4.109  9.780 0.084 3.963 
Lu  11.718 0.398 1.530  12.426 0.671 4.197  9.822 0.102 3.990 
             
  02093      RDK1      RDK2     
La  0.078 6.023 3.050  0.047 3.750 1.528  0.002 2.765 1.107 
Ce  0.336 8.967 4.651  0.074 7.630 3.096  0.015 3.964 1.595 
Pr  1.100 11.398 6.249  0.116 11.920 4.837  0.048 5.762 2.333 
Nd  2.900 12.600 7.750  0.416 13.688 5.725  0.295 8.324 3.507 
Sm  13.968 12.218 13.093  3.713 13.788 7.743  3.220 8.844 5.470 
Eu  18.812 8.983 13.898  6.005 10.852 7.944  7.990 8.988 8.389 
Gd  25.608 6.638 16.123  10.178 8.812 9.632  7.490 4.480 6.286 
Tb  26.318 3.712 15.015  13.043 5.528 10.037  7.181 1.728 5.000 
Dy  29.422 2.467 15.944  17.395 3.443 11.814  7.900 0.918 5.107 
Ho  29.075 1.402 15.238  19.102 1.767 12.168  6.566 0.452 4.120 
Er  29.697 0.885 15.291  21.707 0.963 13.409  5.957 0.173 3.644 
Tm  31.253 0.767 16.010  22.712 0.632 13.880  5.363 0.087 3.252 
Yb  30.487 0.474 15.480  22.970 0.401 13.942  4.753 0.034 2.865 
Lu  31.523 0.322 15.923  24.550 0.501 14.931  4.796 0.000 2.877 
             
La  20093      20113      20263     
Ce  0.005 3.079 1.849  0.005 0.486 0.294  0.001 0.304 0.168 
Pr  0.095 4.399 2.677  0.036 0.861 0.531  0.012 0.565 0.316 
Nd  0.124 6.963 4.227  0.059 1.129 0.701  0.023 0.723 0.408 
Sm  1.001 11.881 7.529  0.362 1.344 0.951  0.064 1.260 0.722 
Eu  6.760 14.894 11.641  4.721 2.613 3.457  0.444 2.313 1.472 
Gd  12.487 12.277 12.361  12.470 3.812 7.275  1.610 3.399 2.594 
Tb  11.080 5.799 7.911  12.000 2.227 6.136  1.824 1.776 1.798 
Dy  8.757 1.987 4.695  13.309 1.188 6.036  2.929 1.148 1.949 
Ho  8.542 0.993 4.013  13.284 0.699 5.733  3.627 0.608 1.967 
Er  6.868 0.457 3.022  9.960 0.333 4.184  3.271 0.373 1.677 
Tm  5.837 0.216 2.464  7.740 0.131 3.174  2.901 0.093 1.357 
Yb  5.042 0.070 2.058  5.906 0.055 2.395  2.544 0.016 1.154 
Lu  4.908 0.063 2.001  5.516 0.041 2.231  2.321 0.052 1.073 
  4.958 0.052 2.015  5.117 0.037 2.069  2.289 0.039 1.052 
























             
  13918      117200-141     11700-144   
La  0.031 0.129 0.070  0.003 0.068 0.023  0.002 0.224 0.091 
Ce  0.004 0.437 0.177  0.024 0.258 0.095  0.072 1.084 0.476 
Pr  0.029 1.098 0.456  0.224 0.902 0.427  0.331 3.113 1.444 
Nd  0.155 1.881 0.846  0.774 2.366 1.252  1.101 5.138 2.716 
Sm  1.575 3.220 2.233  5.238 4.438 4.998  6.076 6.819 6.373 
Eu  3.535 3.761 3.626  9.346 3.400 7.562  8.396 4.855 6.979 
Gd  4.537 2.204 3.604  12.378 2.424 9.391  12.697 3.905 9.180 
Tb  5.653 1.453 3.973  13.539 1.284 9.862  15.217 1.867 9.877 
Dy  7.443 1.087 4.901  17.376 0.713 12.377  18.490 0.868 11.441 
Ho  8.072 0.845 5.181  17.886 0.367 12.630  17.129 0.291 10.393 
Er  8.750 0.445 5.428  18.179 0.231 12.794  16.426 0.108 9.898 
Tm  8.882 0.895 5.687  18.320 0.158 12.871  15.480 0.054 9.309 
Yb  8.630 0.204 5.260  17.659 0.100 12.391  13.431 0.034 8.072 
Lu  8.527 0.118 5.163  17.585 0.036 12.320  11.909 0.010 7.149 
             
  RG01             
La  0.115 5.082 2.350         
Ce  0.297 6.794 3.221         
Pr  0.911 8.511 4.331         
Nd  2.210 10.821 6.085         
Sm  6.683 11.343 8.780         
Eu  9.785 10.713 10.203         
Gd  12.785 8.568 10.887         
Tb  15.769 6.594 11.640         
Dy  21.602 6.160 14.653         
Ho  23.544 3.547 14.545         
Er  26.496 3.519 16.157         
Tm  27.385 2.303 16.098         
Yb  28.822 3.481 17.419         


























             
  DEJ02      DEJ03      DJ0285     
Ba  0.005 1.074 0.166  0.007 0.047 0.037  0.050 0.057 0.053 
Nb  0.012 0.032 0.015  0.022 0.048 0.041  0.015 0.035 0.022 
La  0.033 0.996 0.177  0.017 2.285 1.718  0.020 1.651 0.591 
Ce  0.065 1.576 0.292  0.063 3.718 2.805  0.090 2.721 1.011 
Sr  0.078 10.088 1.580  0.022 13.522 10.147  0.051 13.140 4.632 
Nd  0.705 2.253 0.937  0.367 4.832 3.716  0.601 3.648 1.667 
Sm  1.306 1.340 1.311  0.743 2.986 2.425  1.560 2.455 1.873 
Zr  0.862 0.772 0.848  1.046 1.514 1.397  1.441 1.610 1.500 
Hf  0.771 1.544 0.887  0.687 3.190 2.564  1.120 3.452 1.936 
Eu  2.113 1.120 1.964  1.457 2.541 2.270  2.304 1.799 2.127 
Ti  0.842 1.721 0.974  1.423 1.912 1.790  1.540 2.051 1.719 
Gd  1.002 0.576 0.938  1.191 1.619 1.512  2.846 1.410 2.344 
Tb  0.820 0.308 0.743  1.360 1.098 1.163  3.269 0.924 2.448 
Dy  0.683 0.208 0.612  1.836 0.741 1.015  3.969 0.653 2.808 
Ho  0.587 0.098 0.514  1.847 0.476 0.818  4.270 0.410 2.919 
Er  0.622 0.091 0.542  2.016 0.374 0.784  4.261 0.251 2.858 
Tm  0.675 0.065 0.584  2.208 0.252 0.741  3.995 0.179 2.659 
Yb  0.677 0.064 0.585  2.463 0.241 0.797  4.127 0.162 2.739 
Lu  0.799 0.071 0.689  2.620 0.173 0.785  4.323 0.131 2.856 
             
  DJ0287      DJ0288      R8A     
Ba  0.069 0.097 0.084  0.442 0.028 0.326  0.005 0.016 0.010 
Nb  0.075 0.116 0.098  0.096 0.044 0.082  0.182 1.027 0.562 
La  0.105 4.103 2.304  0.173 1.279 0.483  0.013 11.193 5.044 
Ce  0.155 6.311 3.541  0.199 2.124 0.738  0.062 13.800 6.244 
Sr  0.045 15.469 8.528  0.068 12.546 3.562  0.007 12.802 5.765 
Nd  0.651 8.143 4.772  0.617 3.009 1.287  0.547 17.825 8.322 
Sm  1.554 4.634 3.248  1.384 2.039 1.567  2.537 14.048 7.717 
Zr  3.530 4.678 4.161  1.045 1.664 1.219  5.425 7.954 6.563 
Hf  2.795 10.580 7.077  0.737 3.410 1.486  2.276 10.024 5.763 
Eu  1.977 3.212 2.656  1.916 1.621 1.833  3.646 10.406 6.688 
Ti  2.335 2.044 2.175  0.937 2.823 1.465  0.915 1.055 0.978 
Gd  2.825 2.552 2.675  2.212 1.249 1.942  4.507 7.197 5.717 
Tb  3.763 1.861 2.717  2.556 0.736 2.046  5.071 3.753 4.478 
Dy  5.364 1.359 3.161  2.883 0.547 2.229  5.413 2.125 3.934 
Ho  6.496 0.932 3.436  2.738 0.326 2.063  5.293 1.055 3.386 
Er  7.896 0.765 3.974  2.643 0.213 1.963  5.042 0.628 3.056 
Tm  7.748 0.535 3.781  2.385 0.126 1.752  4.909 0.394 2.877 
Yb  9.036 0.426 4.301  2.371 0.081 1.730  5.170 0.256 2.959 
Lu  9.837 0.345 4.617  2.390 0.094 1.747  5.363 0.296 3.083 
             
  R30      DJ0295      DJ0296     
Ba  0.006 0.397 0.178  0.008 0.016 0.012  0.009 0.004 0.007 
Nb  0.013 0.026 0.019  0.228 1.551 0.890  0.075 0.506 0.291 
La  0.008 1.288 0.571  0.066 13.858 6.962  0.044 17.562 8.803 
Ce  0.028 1.608 0.723  0.351 19.398 9.875  0.270 21.219 10.745 
Sr  0.015 12.570 5.539  0.028 24.980 12.504  0.013 23.514 11.764 
Nd  0.238 1.909 0.974  2.846 21.646 12.246  1.043 17.966 9.504 
Sm  0.895 1.257 1.055  7.039 11.192 9.116  2.704 8.676 5.690 
Zr  0.307 0.567 0.421  3.774 9.447 6.610  1.398 6.396 3.897 
Hf  0.269 1.186 0.672  1.375 15.399 8.387  0.432 7.307 3.869 
Eu  2.332 1.870 2.129  8.253 7.195 7.724  3.416 5.787 4.601 
Ti  0.755 1.321 1.004  0.483 1.218 0.851  0.535 1.122 0.828 
Gd  1.375 0.576 1.023  8.610 4.800 6.705  4.991 4.802 4.897 
Tb  1.490 0.303 0.968  9.619 2.732 6.175  7.226 3.121 5.174 
Dy  1.709 0.280 1.080  11.264 1.804 6.534  10.519 2.204 6.362 
Ho  1.733 0.150 1.036  12.013 1.105 6.559  12.856 1.396 7.126 
Er  1.772 0.087 1.031  13.137 0.776 6.957  15.074 0.908 7.991 
Tm  1.686 0.081 0.980  13.042 0.534 6.788  15.294 0.572 7.933 
Yb  1.906 0.050 1.090  14.068 0.424 7.246  17.154 0.394 8.774 
Lu  2.077 0.074 1.195  15.254 0.330 7.792  19.219 0.316 9.767 
Table D.8 – Primitive mantle normalised averages for garnet and clinopyroxene and recalculated 
whole rock (after values of McDonough & Sun 1995). 
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  B21      713      02073     
Ba  0.008 0.030 0.028  0.513 0.147 0.257  0.010 0.016 0.014 
Nb  0.279 0.807 0.755  0.096 0.682 0.506  0.054 0.407 0.266 
La  0.039 8.200 7.384  0.021 18.248 12.780  0.033 2.280 1.382 
Ce  0.257 14.598 13.164  0.076 32.449 22.737  0.202 3.299 2.060 
Sr  0.025 18.280 16.454  0.008 35.210 24.649  0.019 6.131 3.686 
Nd  2.341 19.660 17.928  0.376 36.100 25.383  1.773 4.699 3.529 
Sm  5.489 11.585 10.975  0.861 15.636 11.204  6.987 3.990 5.189 
Zr  6.907 6.084 6.167  0.738 5.818 4.294  1.239 3.430 2.553 
Hf  2.969 6.938 6.541  0.559 7.799 5.627  0.575 5.255 3.383 
Eu  6.235 7.656 7.514  1.226 10.179 7.493  8.402 2.908 5.105 
Ti  0.794 0.877 0.869  0.428 0.876 0.741  0.706 1.510 1.189 
Gd  6.578 5.316 5.442  1.696 6.808 5.274  10.193 2.083 5.327 
Tb  6.764 2.828 3.222  2.458 3.914 3.477  9.832 1.068 4.573 
Dy  7.114 1.557 2.112  3.432 2.695 2.916  8.994 0.608 3.962 
Ho  6.204 0.838 1.374  4.316 1.720 2.499  7.474 0.306 3.174 
Er  6.104 0.522 1.080  5.071 1.231 2.383  6.533 0.176 2.719 
Tm  5.645 0.278 0.815  5.436 0.792 2.185  5.539 0.142 2.301 
Yb  6.447 0.185 0.811  6.377 0.567 2.310  5.499 0.073 2.243 
Lu  6.612 0.225 0.863  7.014 0.378 2.368  5.546 0.079 2.266 
             
  02093      RDK1      RDK2     
Ba  0.007 0.035 0.021  0.011 0.986 0.401  0.007 0.005 0.006 
Nb  0.031 0.010 0.021  0.052 0.020 0.039  0.044 0.029 0.038 
La  0.049 3.412 1.730  0.031 2.125 0.869  0.007 1.566 0.630 
Ce  0.192 5.122 2.657  0.048 4.359 1.772  0.012 2.264 0.913 
Sr  0.056 5.679 2.867  0.022 3.800 1.533  0.008 15.384 6.159 
Nd  1.649 7.167 4.408  0.236 7.787 3.257  0.197 4.736 2.013 
Sm  7.947 6.954 7.451  2.113 7.849 4.408  1.833 5.034 3.114 
Zr  0.554 2.793 1.674  0.283 3.394 1.528  0.207 0.861 0.468 
Hf  0.377 6.042 3.210  0.153 4.928 2.063  0.137 2.440 1.058 
Eu  10.628 5.076 7.852  3.393 6.130 4.488  4.514 5.078 4.740 
Ti  0.571 1.421 0.996  0.210 1.017 0.533  0.208 0.552 0.345 
Gd  14.403 3.735 9.069  5.729 4.960 5.422  4.215 2.518 3.536 
Tb  15.419 2.175 8.797  7.643 3.236 5.880  4.205 1.016 2.929 
Dy  16.627 1.394 9.010  9.832 1.947 6.678  4.468 0.519 2.889 
Ho  16.596 0.801 8.698  10.908 1.010 6.949  3.749 0.258 2.353 
Er  16.880 0.503 8.691  12.340 0.546 7.623  3.386 0.099 2.071 
Tm  16.363 0.400 8.381  11.887 0.331 7.265  2.809 0.056 1.708 
Yb  17.143 0.266 8.705  12.914 0.226 7.839  2.673 0.032 1.617 
Lu  17.793 0.182 8.987  13.859 0.283 8.429  2.711 0.048 1.646 
  20093      20113      20263     
Ba  0.027 0.465 0.290  0.007 0.006 0.006  0.019 0.067 0.045 
Nb  0.017 0.016 0.016  0.051 0.019 0.032  0.006 0.027 0.018 
La  0.012 1.744 1.051  0.007 0.275 0.168  0.006 0.179 0.101 
Ce  0.054 2.512 1.529  0.020 0.492 0.303  0.007 0.323 0.181 
Sr  0.007 14.354 8.615  0.019 8.800 5.287  0.013 11.705 6.444 
Nd  0.568 6.759 4.283  0.206 0.765 0.541  0.038 0.717 0.411 
Sm  3.851 8.473 6.624  2.688 1.487 1.967  0.253 1.316 0.838 
Zr  0.305 0.989 0.715  0.342 1.252 0.888  0.088 0.991 0.585 
Hf  0.179 2.609 1.637  0.153 2.394 1.497  0.058 2.184 1.227 
Eu  7.053 6.936 6.983  7.045 2.154 4.110  0.909 1.920 1.465 
Ti  0.268 0.784 0.578  0.277 0.937 0.673  0.120 1.216 0.723 
Gd  6.232 3.256 4.446  6.749 1.252 3.451  1.025 0.999 1.011 
Tb  5.130 1.165 2.751  7.799 0.696 3.537  1.716 0.672 1.142 
Dy  4.829 0.562 2.269  7.510 0.395 3.241  2.050 0.344 1.112 
Ho  3.922 0.261 1.725  5.690 0.190 2.390  1.869 0.213 0.958 
Er  3.319 0.122 1.401  4.400 0.074 1.805  1.649 0.063 0.777 
Tm  2.637 0.058 1.090  3.090 0.053 1.268  1.332 0.074 0.640 
Yb  2.762 0.053 1.137  3.103 0.037 1.263  1.305 0.060 0.620 
Lu  2.800 0.063 1.158  2.887 0.048 1.183  1.292 0.071 0.620 


























             
  13918      117200-141    117200-144    
Ba  0.008 0.113 0.050  0.006 0.014 0.008  0.038 0.007 0.026 
Nb  0.006 0.016 0.010  0.012 0.004 0.009  0.020 0.010 0.016 
La  0.021 0.073 0.042  0.007 0.038 0.017  0.013 0.127 0.058 
Ce  0.002 0.250 0.101  0.016 0.147 0.055  0.041 0.619 0.272 
Sr  0.005 3.351 1.343  0.010 2.497 0.756  0.013 9.675 3.878 
Nd  0.088 1.070 0.481  0.441 1.344 0.712  0.626 2.921 1.544 
Sm  0.895 1.831 1.270  2.982 2.525 2.845  3.455 3.878 3.624 
Zr  0.074 0.672 0.314  0.267 1.012 0.491  0.729 0.485 0.632 
Hf  0.087 2.209 0.936  0.234 2.813 1.008  0.411 1.440 0.823 
Eu  1.996 2.125 2.047  5.279 1.921 4.272  4.743 2.743 3.943 
Ti  0.214 1.267 0.635  0.420 1.064 0.613  0.647 0.425 0.558 
Gd  2.551 1.240 2.027  6.962 1.364 5.283  7.143 2.197 5.164 
Tb  3.313 0.851 2.328  7.931 0.753 5.777  8.915 1.093 5.786 
Dy  4.209 0.614 2.771  9.824 0.403 6.998  10.451 0.490 6.467 
Ho  4.610 0.483 2.959  10.216 0.210 7.214  9.781 0.166 5.935 
Er  4.978 0.252 3.088  10.331 0.132 7.271  9.341 0.066 5.631 
Tm  4.650 0.474 2.979  9.594 0.105 6.747  8.105 0.038 4.878 
Yb  4.851 0.132 2.964  9.929 0.056 6.967  7.554 0.026 4.543 
Lu  4.812 0.107 2.930  9.928 0.055 6.966  6.722 0.026 4.043 
             
  RG01             
Ba  0.019 0.762 0.353         
Nb  0.139 0.576 0.336         
La  0.042 0.023 0.033         
Ce  0.107 0.044 0.079         
Sr  0.020 0.006 0.014         
Nd  0.788 0.204 0.525         
Sm  2.403 0.589 1.587         
Zr  3.815 2.777 3.348         
Hf  4.496 1.670 3.224         
Eu  3.495 0.913 2.333         
Ti  2.004 0.901 1.508         
Gd  4.503 1.492 3.148         
Tb  5.734 2.392 4.230         
Dy  7.756 3.507 5.844         
Ho  8.754 6.638 7.802         
Er  9.600 7.528 8.668         
Tm  10.229 11.893 10.978         
Yb  10.372 8.279 9.430         
Lu  11.033 22.738 16.300         








ANALYTICAL TECHNIQUE  
In an attempt to minimize the effects of artefacts introduced by infiltration of the 
kimberlite/alnöite host and subsequent alteration, analyses of Sm-Nd and Lu-Hf were 
carried only on garnet and clinopyroxene separates and no whole rock powders. Since 
clinopyroxene contains the bulk of the Sr in the rock, Sr was analysed uniquely from this 
fraction. Samples were prepared and analysed at the Royal Holloway facilities following 
modifications to the routine procedures as follows. 
E.1 ROCK CRUSHING AND MINERAL SEPARATION 
The preparation of materials for analyses initially followed the same procedures as those 
for oxygen isotopes. Rock chips were crushed with a steel mortar and sieved to smaller 
fractions between 500-250 microns and 250-150 microns, after which they were rinsed 
with > 18 MΩcm-1 H2O from a MilliQ Element plant (MQ H2O) following ultrasonic bath 
and dried in oven. Optically clear mineral fragments were hand picked under binocular 
microscope into batches of garnet and clinopyroxene.  
E.2 LABORATORY MATERIALS 
The process of cleaning Teflon savillex beakers started by rinsing in MQ H2O. The 
beakers were then left in 8M HCl for 24 hours at 70ºC, rinsed with MQ H2O and left in 
concentrated HNO3 for other 24 hours at 70ºC. Prior to use, the beakers were then boiled 
in MQ H2O for at least an hour; 1 ml of 6M HCl would then be added to the beakers 
which were then left overnight on a hotplate. Beakers that would be used for the Hf stages 
would be treated with extra 3 ml concentrated HF in addition to the 1 ml 6M HCl. All 




Concentrated acids were distilled in Teflon stills and diluted with MQ H2O.  
E.3 ISOTOPE DILUTION AND CHEMICAL SEPARATION 
Sm, Nd, Lu and Hf  
The procedures for isotope dilution and chemical separation followed the guidelines 
described by Anczkiewicz & Thirlwall (2003). However, slight adjustments and 
modifications to the procedures have been applied on the course of the studies in order to 
face complications arisen during analyses described below.   
PREPARATION 
Some of the garnet fractions were separated to follow H2SO4 leaching proposed by 
Anczkiewicz & Thirlwall (2003), which involved crushing the sample in acetone in an agate 
mill below 50 microns, rinsing with MQ H2O, leaving the sample sealed in 0.5 ml 98% 
H2SO4 for 24h at 160ºC and rinsing again with MQ H2O.  
All samples, including the leached fractions, were then weighed and had 149Sm-150Nd and 
176Lu-180Hf spikes added. The required amount was calculated from elemental 
concentration data for each sample measured by LA-ICPMS (Chapter 05) and the spike 
concentrations given in table A6.1 in order to achieve a targeted isotopic ratio in the 
mixture of 0.15 to 0.8 for 176Lu/175Lu, 2 to 2.5 177Hf/180Hf, 0.28 to 0.4 150Nd/144Nd and 
0.2 to 0.7 147Sm/149Sm.  
The low Nd and Sm concentrations in clinopyroxene required the use of a mixed 149Sm-
150Nd spike with different concentrations (“low” 149Sm-150Nd on table E.1). For analyses of 
Lu and Hf, the available mixed spike could not yield the aimed final concentrations of the 
mixtures for both Hf and Lu in clinopyroxene simultaneously. In order to avoid 
overspiking of Lu, additional diluted 180Hf spike was used for this fraction. Even though a 
mixed spike shows great advantages as not only keeping the concentration of both 
elements over time on the eventual evaporation of the solution but also that the same 
ratios are applied to both mineral fractions, the addition of the diluted 180Hf spike to 
clinopyroxene does not represent a set back since (1) the introduction of a higher analytical 
error on the analyses of clinopyroxene will not result in a large increase in the absolute 
error due to the fact that the 176Lu/177Hf ratios in clinopyroxene are very low and that (2) 





Further, samples were left equilibrating in 1 ml concentrated HNO3 and 3 ml concentrated 
HF for 1-2 days at 140ºC and dried overnight. About 1-2 ml of concentrated HNO3 was 
then added and immediately evaporated in order to eliminate remnants of HF. The first 
attempts to digest the samples in HCl:HF solutions showed the precipitation of fluorides 
formed in combination with Lu and since then samples were then digested in 6M HCl. 
 
 176Lu/175Lu 177Hf/180Hf dil 180Hf
Mixture 0.15-0.8 2-2.5 2-2.5
Spike 
concentration 0.0004875 0.0001035 0.0002246
 
 "High"  "Low"  
 150Nd/144Nd 147Sm/149Sm 150Nd/144Nd 147Sm/149Sm 
Mixture 0.28-0.4 0.2-0.7 0.28-0.4 0.2-0.7 
Spike 
concentration 0.0001978 0.0005585 0.006619 0.001935 
Table E.1 – Mixture ratios and spike concentrations used for isotopic dilution. 
SEPARATION OF HFSE, LU AND OTHER REE 
The first stage of separation consists of one pass on a BioRad AG 50W-X8 cation resin 
filled column and a second pass for purification of the HFSE separate. Samples are loaded 
into the columns in 2 ml 1M HCl:0.1M HF and washed with a further 0.5 ml of the 
loading solution. HFSE are the first to be released and are collected with the loading 
solution and wash and further 2 ml of 1M HCl:0.1M HF. The solution collected is dried 
down and prepared for the second pass. 
Major elements are eluted from the columns with 16 ml of 2.5M HCl and Lu is collected 
with 6 ml of 2.5M HCl for garnet separates and 8 ml 2.5M HCl for clinopyroxenes. The 
remaining REE were then collected with 10 ml 6M HCl. For the last batch of samples 
(Bultfontein and other SW Africa), the first 6 ml of the REE fraction was separated as Sr 
fraction for further preparation for analyses by TIMS (see below).  
The columns were once again cleaned and conditioned for a second pass of the Hf 
fraction similar to the first pass.  
SEPARATION OF HF FROM OTHER HFSE 
The HFSE separates were re-dissolved in 1 ml 2M HCl:0.1M HF, loaded into a column 




of loading solution. After elution of 5 ml 2M HCl:0.1M HF (Ti), 2 ml of solution were 
collected into centrifuge tubes for safe-keeping (Zr, see below) and further 4 ml of 
solution were collected into beakers.  
SEPARATION OF ND AND SM FROM OTHER REE 
The REE fractions were reloaded with 0.5 ml 0.25M HCl into other LN resin filled 
columns and washed with 2 ml of solution. After elution of 1 ml 0.25HCl, Nd was 
collected with 2 ml 0.25M HCl. This was followed by elution of further 2.5 ml 0.25M HCl 
and 0.5 ml 0.75M HCl. Sm was then collected with 1 ml 0.75M HCl.  
PURIFICATION OF THE LU SEPARATE FROM BA, GD, TB, DY AND YB 
The Lu fractions were loaded into LN resin filled columns with 0.5 ml 3M HCl and 
washed into the column with further 0.5 ml of solution. Lu and Yb are collected after 
elution of 4.5 ml 3M HCl in two batches (3 ml + 2 ml 6M HCl).  
PREPARATION FOR ISOPROBE ANALYSIS 
All separates were then evaporated on the hotplate and re-dissolved in a 2% HNO3 
solution (2% HNO3:0.1% HF for Hf samples) for analyses in the ICP-MS. 
Columns and limitations 
The first attempt to analyse a sample corresponds to two garnet and one clinopyroxene 
separates from sample RG01. However, after ID and chemical separation through 
columns, the clinopyroxene fraction could not be analysed for Lu due to high contents of 
Dy, Tb and Gd. Other mineral separates from sample RG01 were then re-processed 
together with samples from Roberts Victor (DEJ02, DEJ03, R30 and DJ0288). This time 
Hf separates for all samples reported low signals and, except for sample RG01, it was not 
possible to measure Hf isotopes.  
The failure of these analyses raised much concern and demanded further investigation 
prior to new attempts of analyses of the samples. Hence, test samples were prepared from 
solutions of known concentration (100 ppb Hf, Ti and Zr) and passed through the LN 
column, only that this time the eluted material was consistently collected (2 ml fractions) 
and qualitatively analysed in the IsoProbe, which showed that Hf was mostly constrained 
between 2 and 4 ml of eluted material. It was then clear that these columns were not any 




present in solution, it was not properly separated from Zr and Ti. It seems that sample 
RG01 yielded a signal in the IsoProbe only because of its higher concentration of Hf than 
the Roberts Victor ones, while most of the Hf must have been discarded during the LN 
columns step. Although the reason for the change in the calibration of these columns is 
unknown, the problem was simply solved by using another set of LN columns. Similarly, 
test samples prepared from a known REE solution were used to check the calibration of 
the Lu, Sm and Nd columns. New separates of the samples from Malaita and Roberts 
Victor were then prepared and analysed in the IsoProbe; still the continuous evaluation of 
the calibration of the columns by means of test runs of different fractions during the 
columns stage became a common practice which would also result in increased signal for 
all elements. 
At this point, trace element LA-ICP-MS data of the concentration of the samples was 
available and allowed the calculation of the required amount of sample for proper analysis 
in the IsoProbe, which also improved the resulting signal. This has surely accounted for 
part of the difficulties with the failing analyses of Hf.  
Finally, a new batch of samples including those from Bultfontein and from other SW 
Africa localities was prepared. The known concentration of the elements prior to 
preparation and the practice of test runs during the column stages resulted in much better 
signals (eventually some samples had to be diluted further in order to avoid signals higher 
than 10 mV which could damage the IsoProbe). However, from the previous attempts it 
became clear that the leaching procedures did not result in extremely different values and 
since despite the presence of different analyses of garnets the correspondent isochron 
would still reflect a two-point line, this new set of samples did not include a leached garnet 
fraction (see below). 
The analyses of the remaining samples are marked by some hindrance. Firstly, the small 
size of the minerals of the samples from Chino Valley, Hawaii and Kakanui (and presence 
of large inclusions of spinel in garnet) makes the separation of optically clear fragments 
difficult. The small size of the phases has also prevented analyses by LA-ICP-MS (Chapter 
06), thus there is no data available on the concentration of trace elements for these 
samples. Similarly, most of the remaining samples from SW Africa show very low 
concentrations, which would require large amounts of material which could possibly result 






Since the analyses of Sr isotopic ratio for samples from Malaita and Roberts Victor were 
done after the analyses of Hf and Nd, new separates of clinopyroxene were firstly leached 
in 6M HCl for ½ hour, rinsed with MQ H2O and dissolved in sealed HF-HNO3 (~ 3:1) 
for 3 days. After the solution was dried out on the hotplate, HNO3 was added and 
evaporated and the samples were left to be digested in 6M HCl. Again, the samples were 
evaporated in the hotplate, HNO3 was added and evaporated and the samples were finally 
dissolved in 8M HNO3 for chemical separation in resin.  
For the samples from Bultfontein and other samples from SW Africa, Sr was collected 
from the cation resin columns during separation of Hf. The Sr fraction (6M HCl) was 
dried out, had HNO3 added and evaporated and then, as well, was dissolved in 8M HNO3 
for the columns procedure together with the Malaita and Roberts Victor batch.  
The Sr separates were loaded using H3PO4 on Re single filaments previously degassed at 
5.2 A for TIMS analyses. 
E.4 Mass spectrometry 
IsoProbe 
MC-ICP-MS analyses were carried out at the Royal Holloway Micromass IsoProbe with 
settings similar as those described by Thirlwall (2002) and Thirlwall & Anczkiewicz (2004). 
Samples were introduced by a Cetac Aridus nebulizer at constant rate. The inlet system 
was cleaned between analyses with 5% HNO3. In the case of Hf analyses, this was 
followed by 5% HNO3:5% Hf. The system provides the option of operating in hard or 
soft extraction modes, this one resulting in lower memory signals but also about 60% less 
sensitivity.  
As summarised by Rehkämper et al. (2000), the most important problem resulting from 
the construction of the MC-ICP-MS refers to the mass bias, which is the preferential 
extraction and transmission of the heavier ions and can be corrected by internal 
normalization to a constant isotope ratio of the same element for analyses of radiogenic 
isotopes. Reported secular drift is commonly corrected by comparison to standards run on 
the day (e.g., Hf) or continuous adjustments of the apparent cup efficiencies, but mostly 
the secular variation can be caused by either fluctuation in the plasma or inadequate mass 




Other potential problems include spectral interference of ions derived from the sample 
matrix (or solvent), molecular ions and refractory oxides formed in the plasma, matrix 
effects, changes in the instrumental operating conditions and memory effects.  
Some corrections can help improving the data, e.g., monitoring of the interfering elements 
in case of isobaric overlap, still chemical separation of the analyte is essential since in order 
to avoid most of these artefacts as well as to enhance the sensitivity of the measurement.  
Processing of the data yielded by the IsoProbe followed the procedures listed by Thirlwall 
& Anczkiewicz (2004). The IsoProbe measurements of Sm, Nd, Lu and Hf were first 
corrected for the baselines on-peak zeros (OPZ) during integrations of the blank solution 
(2% HNO3 for Sm, Nd and Lu and 2% HNO3:0.1% HF for Hf) measured immediately 
prior to the analysis of the sample and for amplifier offsets measured with no ion bean in 
the analyser (mass spectrometer zeroes or MSZ). 
Corrections for the contribution to peak intensity from adjacent peaks (“tail”, Thirlwall 
2001) and electronic crosstalk between the Faraday amplifiers (Thirlwall & Anczkiewicz 
2004) are then applied. Thirlwall (2001) shows the importance of the application of 
appropriate tail corrections based on measurement of mono-isotopic profiles and that the 
tail may be significant up to 4 amu away from a major peak on Faraday collectors.  
As the samples are spiked with mixed 176Lu-180Hf and 149Sm-150Nd, the static ratios 
calculated from the bean intensities above are then corrected for isobaric interferences 
using the iterative procedure described by Thirlwall & Anczkiewicz (2004) which best 
represents the 146Nd/144Nd, 150Nd/144Nd, 179Hf/177Hf and 180Hf/177Hf ratios of the 
sample:spike mixture since the ratios of 146Nd/144Nd and 179Hf/177Hf in the spikes are 
significantly higher than the natural ratios. 
For Nd, Sm interferences are corrected from the 147Sm/149Sm ratios. The Ce correction is 
determined on the 142Ce/140Ce ratio that yields the same 142Nd/144Nd on Ce-spiked and 
Ce-free standards on the day of the analyses. Sm and Ce natural ratios are adjusted to the 
mass bias of 146Nd/144Nd (0.7219). 
Isobaric interferences on Hf for masses 174, 176 and 180 are made from 172Yb, 175Lu and 
180W measured during the run and a single integration of 181Ta outside the run. Other 
interferences of Yb on mass 174 are calculated by comparison to the 174Hf/177Hf standard 
ratio. All corrections are then adjusted to the Hf mass bias from the 179Hf/177Hf ratio 




derived from the Lu fraction since it must lie between the natural ratio and the ratio in the 
spiked sample.  
Following spike corrections for Nd and Hf, additional empirical corrections are applied. 
176Hf/177Hf ratios are corrected accordingly to observed drifts in the JMC475 standard. 
143Nd/144Nd is corrected for the slope of the observed correlation between normalized 
143Nd/144Nd and 142Nd/144Nd or by the mean value of constant correction to individual 
samples as proposed by Thirlwall (1991) and Vance & Thirlwall (2002). 
The correction for Dy, Tb and Gd in Lu samples is based on measurements of known 
solutions of these elements during a day run. 176Lu/177Lu is then corrected for Yb using a 
iterative correction based on a 174Yb/172Yb ratio of 1.4519785 and a further correction for 
176Hf/175Hf. 
Sm is more simply corrected for the Nd interference using the 148Nd/149Nd ratio from the 
sample and the mass bias based on the 147Sm/149Sm of the standard. 
Isochrons 
The calculation and plotting of isochrons was first attempted using the Microsoft Excel© 
Add-In Isoplot/Ex version 3.3 Ludwig (2003). Calculations are based on the linear 
regression algorithm of York (1969) and error propagation of Titterington & Halliday 
(1979). The model used (Model 1) assumed that the errors are the only reason for any 
scatter calculating, then, the 95% confidence errors from the observed scatter. 
Nevertheless, for isochrons consisting of more than 2 points the resulting errors were 
abnormally high. There seem to be no obvious explanation for these results and instead an 
in-house application also based on the same regression algorithm developed by Prof. M. 
Thirlwall was used. Although the errors were much improved, the ages calculated from 
both applications were the same.  
TIMS (Sr) 
Sr analyses were made at the Royal Holloway VG354 TIMS as described in Thirlwall 
(1991). The equipment consists of five Faraday collectors which are all employed during 
the multidynamic procedures, aligned at single mass spacing with mass 86 in the central 
Faraday collector (online analytical procedure “SrsQ”). 85Rb is determined simultaneously 
in order for the correction of Rb interference on mass 87 while measurement of double 
collector 84/86 allows for isotopic dilution analyses and in-run calculation of Sr content. 




corresponds to SRM987 loaded on Ta single filaments (~ 5 µg) using H3PO3. Each 
analysis takes 1.5-2 hours from warm-up procedures to measurement of 80-105 ratios in 
blocks of 20-25 at 4-5 x 10-11 A. Thirlwall & Anczkiewicz (2004) report reproducibility of 
multidynamic 87Sr/86Sr measurements at ± 0.000014 2 sd for more than 200 runs. 
Evaluation of precision 
The precision of the analyses is reported following the guidelines of Thirlwall (1991). The 
internal precision of the runs is reported as 2 se, indicating 95% probability that the 
analysis will be repeatable to within ± 2 se, being a function of analysis time and ion beam 
size. The external precision is reported as ± 2 sd error of a number of analyses of a 
standard solution. 
E.5 Standards  
Besides the analyses of an Yb-Lu solution for evaluation of the Yb interference in Lu 
samples, analyses of a JMC475 standard where performed during the analytical session for 
Hf measurements while an Aldrich solution was used as standard during analyses of Nd 
and Sm (Thirlwall 1991). For the TIMS analyses of Sr, the reference material used was 
SRM987. 
Table A6.2 presents the variation of the Aldrich and JMC475 over periods of analyses. The 
narrow spread in 142Nd/144Nd and 143Nd/144Nd in the first analytical session (± 0.000077 
and ± 0.000010) did not result in a line from which the slope correction could be 
calculated, and so the average of the values was used instead. For this period, the used 
slope correction factor of 0.17 is within error from both TIMS and RHUL IsoProbe values 
reported by Thirlwall & Anczkiewicz (2004). For the second analytical period, a good 
correlation between 142Nd/144Nd and 143Nd/144Nd suggested a slope correction factor of 
0.297. The resulting slope-corrected 143Nd/144Nd is within error of the reported TIMS 
value.  
Hf JMC475 standards show little variation over the analytical period and similar averages 
to values reported for the RHUL IsoProbe prior to 2004. 176Hf/177Hf values of the 
analyses have been corrected to the slope corrected value of 0.282165. 













Nd Aldrich                     
Date 142Nd/144Nd 2 sd 143Nd/144Nd 2 sd 145Nd/144Nd 2 sd 150Nd/144Nd 2 sd 143Nd/144Nd 2 sd N 
         slope 0.17   
22-Nov-04 1.141625 0.000077 0.511357 0.000010 0.348399 0.000017 0.236295 0.000058 0.511399 0.000020 11 
23-Nov-04                       
         slope 0.297   
10-Jan-07 1.141134 0.000315 0.511186 0.000099 0.348352 0.000056 0.236268 0.000035 0.511405 0.000014 16 
12-Jan-07                     
            
TIMS * 1.141877 0.000055 0.511413 0.000008 0.348399 0.000004 0.236491 0.00001     6-9 
ISOPROBE * 1.14163 0.0004 0.511314 0.000075 0.348414 0.000036 0.236266 0.000057     12 
Hf JMC475                   
Date 174Hf/177Hf 2 sd 176Hf/177Hf 2 sd 178Hf/177Hf 2 sd 180Hf/177Hf 2 sd N   
06-Feb-04 0.008657 0.000001 0.282197 0.000018 1.467316 0.000041 1.886791 0.000084 4   
            
24-Jan-05 0.008659 0.000009 0.282157 0.000026 1.467316 0.000093 1.886774 0.000095 10   
27-Jan-05                     
            
04-Apr-06 0.008658 0.000003 0.282177 0.000013 1.467268 0.000043 1.886791 0.000076 6   
            
26-Jan-07 0.008657 0.000003 0.282165 0.000010 1.467296 0.000029 1.886720 0.000074 7   
            
all stds 0.008658 0.000006 0.282169 0.000033 1.467300 0.000073 1.886766 0.000098 27   
            
ISOPROBE * 0.008657 0.000005 0.282190 0.000053 1.467350 0.000016 1.88669 0.00021 58-113   
Sr SRM987             
Date 87Sr/86Sr 2 sd N         
10-Oct-06 0.710245 0.000008 10         
 
 
Table E.2 – Analyses of the Sr (SRM987), Hf (JMC475) and Nd (Aldrich) standards over time. Nd data normalized to 146Nd/144Nd = 0.7219. Hf data normalized to 179Hf/177Hf = 0.7325. N 
number of ratios. * TIMS and ISOPROBE reference data from Thirlwall & Anczkiewickz (2004). 
  
  RG01              R30      DEJ03     
  GT GT GT GT GT CPX CPX  GT  CPX  GT  CPX 
  A B G H1 H2 I J  23   24  25   26 
                 
ppm Hf  0.956 0.900 0.949 0.950 0.956 0.835 1.014  0.084  0.334  0.248  1.075
2se  0.000 0.001 0.001 0.001 0.001 0.005 0.000  0.000  0.000  0.000  0.000
Lu ppm  0.750 0.750 0.744 0.741 0.745 0.038 0.112  0.126  0.003  0.200  0.008
2se  0.000 0.000 0.000 0.000 0.000 0.000 0.000  0.000  0.000  0.000   
176Lu/177Hf  0.110791 0.117750 0.110718 0.110179 0.110169 0.006379 0.015549  0.213613  0.001130  0.113983  0.001091
2se  0.000554 0.000589 0.000554 0.000551 0.000551 0.000032 0.000078  0.001068  0.000006  0.000570  0.000005
176Hf/177Hf  0.283101 0.283093 0.283120 0.283069 0.283081 0.282956 0.282977  0.289631  0.281750  0.282494  0.282222
2se  0.000008 0.000015 0.000017 0.000021 0.000023 0.000016 0.000011  0.000038  0.000019  0.000023  0.000011
Age (Ma)  69        1953    129   
2se  12        13    12   
initial 176Hf/177Hf  0.282954        0.281708    0.282219   
2se  0.000020        0.000019    0.000011   
MSWD  4.14        0.00    0.00   
Epsilon t  8.0        5.9    -16.7   
2se  0.5        0.6    0.4   
      G H1 H2 I J  13A 13B 14  15A 15B 16
Nd ppm    0.892947 1.061236 0.907096 4.672703 6.956252  0.339212 0.328338 1.498575  0.559741 0.638444 3.764361
2se    0.000165 0.006124 0.000163 0.003810 0.002574  0.000317 0.000486 0.000173  0.000083 0.000140 0.000513
Sm ppm    1.013057 1.108939 1.017240 1.568083 1.944018  0.330559 0.316154 0.312158  0.390098 0.395003 0.747993
2se    0.000325 0.017811 0.000314 0.019456 0.007038  0.003679 0.002957 0.000283  0.000137 0.001140 0.000145
147Sm/144Nd    0.685948 0.631726 0.678036 0.202896 0.168964  0.589541 0.582498 0.125930  0.421324 0.374024 0.120114
2se    0.000686 0.000632 0.000678 0.000203 0.000169  0.000590 0.000582 0.000126  0.000421 0.000374 0.000120
143Nd/144Nd    0.512960 0.512477 0.512957 0.512852 0.512818  0.515433 0.515237 0.512468  0.512441 0.512357 0.512022
2se    0.000018 0.000345 0.000016 0.000083 0.000015  0.000095 0.000170 0.000015  0.000021 0.000017 0.000019
Age (Ma)  42        963    208   
2se  6        42    18   
initial 
143Nd/144Nd  0.512773        0.511672    0.511857   
2se  0.000020        0.000045    0.000040   
MSWD  0.2        2.4    2.2   
Epsilon t  3.5        5.2    -10.2   
2se  0.3        0.5    0.4   
                              
87Sr/86Sr  0.703812        0.700743    0.706284   
2se  0.000013        0.000025    0.000009   






Table E.3 – Summary of Sm, Nd, Lu, Hf and Sr analytical results. 472
 
  
  DJ0288      DEJ02          B21    713   
  GT GT CPX  GT   CPX   GT CPX  GT CPX 
  27A 27B 28  29B     30    31 32  33 34 
                 
ppm Hf  0.515 0.638 0.599  0.258   0.483   0.732 1.893  0.163 2.509
2se  0.001 0.001 0.003  0.000   0.000   0.000 0.002  0.000 0.001
Lu ppm  0.133 0.166 0.003  0.076   0.001   0.567 0.011  0.489 0.039
2se  0.000 0.000 0.000  0.000   0.000   0.001 0.000  0.000 0.000
176Lu/177Hf  0.036572 0.036724 0.000706  0.041921   0.000185   0.109497 0.000825  0.424337 0.002186
2se  0.000183 0.000184 0.000004  0.000210   0.000001   0.000547 0.000004  0.002122 0.000011
176Hf/177Hf  0.281781 0.281782 0.282012  0.282413   0.282236   0.282989 0.282656  0.290569 0.282775
2se  0.000021 0.000017 0.000021  0.000024   0.000029   0.000018 0.000019  0.000017 0.000006
Age (Ma)  -345    227      164   981  
2se  37    47      13   4  
initial 176Hf/177Hf  0.282017    0.282235      0.282653   0.282735  
2se  0.000021    0.000029      0.000019   0.000006  
MSWD  0.02    0.00      0.0   0.0  
Epsilon t  -34.2    -14.0      -0.6   20.4  
2se  0.4    0.7      0.5   0.2  
  17A 17B 18  A B C D E  31 32  33 34
                 
Nd ppm  1.402225 1.453453 2.184537  1.424800 3.321777 1.294219 3.856425 1.354076  3.105240 21.763884  1.191256 44.054035
2se  0.000346 0.000342 0.000958  0.002157 0.000314 0.001359 0.000767 0.000473  0.000232 0.001714  0.000143 0.003292
Sm ppm  0.877249 0.872731 0.414042  0.788920 0.586516 0.802810 0.661175 0.815307  2.206177 3.895929  0.747749 6.583719
2se  0.000427 0.000399 0.012310  0.004198 0.000497 0.004417 0.001614 0.000301  0.000399 0.000828  0.000078 0.000927
147Sm/144Nd  0.378258 0.363046 0.114576  0.334781 0.106738 0.375007 0.103644 0.364024  0.429522 0.108220  0.379476 0.090341
2se  0.000378 0.000363 0.000115  0.000335 0.000107 0.000375 0.000104 0.000364  0.000430 0.000108  0.000379 0.000090
143Nd/144Nd  0.512957 0.512951 0.512220  0.512950 0.512233 0.512485 0.512255 0.512651  0.512537 0.512488  0.512478 0.512150
2se  0.000015 0.000017 0.000047  0.000062 0.000014 0.000067 0.000029 0.000022  0.000008 0.000017  0.000007 0.000007
Age (Ma)  431    245      23   173  
2se  91    25      9   5  
initial 143Nd/144Nd  0.511906    0.512067      0.512471   0.512048  
2se  0.000216    0.000033      0.000022   0.000009  
MSWD  10.6    2.8      0.0   0.0  
Epsilon t  -3.6    -5.2      -2.8   -7.3  
2se  2    0.4      0.2   0.1  
                             
87Sr/86Sr  0.705568    0.706108      0.705582   0.707226  
2se  0.000020    0.000017      0.000023   0.000013  
















  02073    02093    RDK1    
  GT CPX  GT CPX  GT CPX  
  35 36  37 38  39 40  
           
ppm Hf  0.204 1.391  0.109 1.954  0.090 1.535  
2se  0.000 0.000  0.000 0.001  0.000 0.001  
Lu ppm  0.369 0.006  1.385 0.025  0.903 0.007  
2se  0.000 0.000  0.001 0.000  0.001 0.000  
176Lu/177Hf  0.255514 0.000640  1.803550 0.001831  1.419229 0.000669  
2se  0.001278 0.000003  0.009018 0.000009  0.007096 0.000003  
176Hf/177Hf  0.283170 0.282402  0.286949 0.282901  0.303013 0.282289  
2se  0.000011 0.000009  0.000019 0.000006  0.000018 0.000007  
Age (Ma)  161   120   778   
2se  3   1   3   
initial 176Hf/177Hf  0.282400   0.282897   0.282279   
2se  0.000009   0.000006   0.000007   
MSWD  0.0   0.0   0.0   
Epsilon t  -9.6   7.0   -0.3   
2se  0.3   0.2   0.2   
  35 36  37 38  39 40  
           
Nd ppm  2.301241 5.660012  2.210863 8.738373  0.372557 9.768035  
2se  0.000299 0.000299  0.000171 0.000301  0.000022 0.000593  
Sm ppm  2.710260 1.547857  3.581014 2.914924  0.849691 2.989708  
2se  0.000329 0.000206  0.000776 0.000371  0.000128 0.000297  
147Sm/144Nd  0.712050 0.165328  0.979309 0.201663  1.379962 0.185041  
2se  0.000712 0.000165  0.000979 0.000202  0.001380 0.000185  
143Nd/144Nd  0.512749 0.512478  0.512886 0.512433  0.516047 0.512595  
2se  0.000006 0.000008  0.000008 0.000009  0.000006 0.000007  
Age (Ma)  76   89   441   
2se  3   2   2   
initial 143Nd/144Nd  0.512396   0.512316   0.512060   
2se  0.000010   0.000011   0.000008   
MSWD  0.0   0.0   0.0   
Epsilon t  -2.9   -4.2   -0.4   
2se  0.1   1.8   0.1   
             
87Sr/86Sr  0.706887         
2se  0.000011         
#  ratios 95          
Table E.3 (continued) 
